
Octobf’f lOlo 


Chemical Seuies, 


Vo). IV, No. 3 


MEMOIRS OF THE 
DEPARTMENT OF AGRICULTURE 
IN INDIA 

SOIL CASKS 


J. WALTER LEATHER. V.D, E.I.C 

Imperial Afiricidtural Chemist 



ACHICULTURAL RESEARCH INSTITUTE, RUSA 

VKIMEH ANi) I'l'UMf'HKD EOR 

Tin-: IMPERIAL DEPARTMENT OF AGRICULTURE IN INDIA 

in- 

THACKER, SPINK CO., CALCLITA 
W, THACKER Si 00., 2, Creed Lanf, LONDON 



Agents for the Sale of Government Publications 


IN THE UNITED KINQDOiVl. 


Constable k Co., 10, Orange Street, Leicester 
Square, London, W.C. 

Kegan Paul, Trench Triibner & Co., 68-74, 
Carter Lane, E.C , and 25, Mirseum Street, 
London, W.C. 

Bernard Quaritch, 11, Grafton Street, New 
Bond Street, London, W. 

P. S. King & Son, 2 and 4, Great Smith Street, 
Westminster, London, S.W. | 

H. S. King & Co., 65, Cornhill, and 9, Pall 
Mall, London. 

Orindlay & Co., 54, Parliament Street, 
London, S.W. 


T. Fisher Unwin, Ld., 1, Adeljdii Terrace, 
London, W-C. 

W. Thacker & Co.. 2. Creed Lane, London, 
E.C. 

Luz.ic A: Co., 46. Great Kii.xsell Street. 
London, W.C. 

B. H. Blackwell. 50 and 51, Broad Street, 
Oxford. 

Deighton, Bell & Co., Ld.. Cambi idgc. 

Oliver k Boyd, Tweeddale Court, K<Un- 
burgh. 

E. Pon-soiiby Ld., HG, Grafton Street, 
Dublin, 


ON THE CONTINENT. 

Ernest Leroux, 28, Kue Bonaparte, Paris, { Martinns NijholF, The Hague, Holland. 

IN INDIA AND CEYLON. 


Thacker^ Spink & Co., Calcutta and 
Simla. 

Newman k Co., Calcutta. 

11. Cambray k Co-, Calcutta. 

S. K. Lahiri k Co., Calcutta. 

B. Bannerjee & Co., Calcutta. 

The Calcutta School Book and Useful Litera- 
ture Society, 309, Bow Bazar Street, 
Calcutta, and 226, Nawabpur, Dacca. 

Butterworth & Co. Limited, Calcutta. 

The Weldon Library, 18-5, Chowrioghee 
Road, Calcutta- 

Rai M. C. Sircar Bahadur k Sons, 75-1-1, 
Harriaon Road^alcutta. 

Higginbothams Ld., Madras. 

V, Kalyanarama Iyer & Co.> Madraa. 

G. A. Nates an k Co., Madras- 

S. Murthy k Co., Madras. 

Thompson k Co., Madras. 

j,etnple k Co., Madras. 


Combiidge& Co., Madras. 

P. R. Rama Iyer k Co., Madras. 

Thacker k Co-, Ld,, Bombay. 

A. J. Comb ridge & Co., Bombay. 

D. B. Taraporevala, Sons k Co., Bombay. 
Itadhabai Atmaram Sagoon, Bombay. 

Sunder Pandurang, Bombay. 

Gopal Narayan k Co., Bombay, 

Rarachandra Govind & Son, Kalbadevi, 
Bombay. 

N. B.Mathiir, Superintendent, Nazir Kanun-i- 
Hind Press, Allahabad. 

1 A. Chand & Co-, Lahore, Punjab. 

Rai Sahib M. Gulab Singh k Sons, Mufid-i- 
j Am Press, Lahore and Calcutta. 

I Superintendent, American Baptist Mission 
I Press, Rangoon. 

I S. C. Talukdar, Proprietor, Student-s and 
Company, Cooch Behar. 

I A. M. & J. Ferguson, Colombo, Ceylon. 



COXTENTS. 


IXTRODLX TIOX .. .. .. . . .^r) 

Appai'iitus a)i(l iiK^thnils . . .. 

I’roportioiis (by V(Jmiio) nf in thi- sop , , . . Ih; 

Pi'ojxirtioji of t]n\ ^;ist.‘s (Ussolv.^P it\ t!it* soil . . . IHi) 

Proportious of oxvj^(Mi iiiif] <';ii'boii Pinxiib! in tIh* •'(mI 'j;:i,si‘s in 

billow laml . . . , |i>7 

Proportions of oxvgou lUid. (‘;ii'])oii (iiox'Pi' in nuitiiirt‘il la.ii'1 . . 

The gasos in gKMai-niaiiufcil hurl ... .. ■■ 1’^-' 

Tlie gases of swamp lieo laud .. .. . ll'l 

'hhe gase.s present in i he meghbourh'io-l of t!o> roots ot crops . , 111 

Xitiificatioii .. ,, IPi 

Dili’usion of gases through soils .. .. .. 

<.‘0.\CLUSI0N .. .. .. .. lo2 




SOIL GASES 

BY 

J. WALTER LEATHER, V.D., F.IA., 

I/nperial Agricultural Chcruis!. 

Introduction. 

Some years ago, after designing the soil-sampling tool ^vlhcli was described 
in Memoir, Vol. I, No, 6 of this series, I endeavoured to add an attachment 
by the aid of which the gases could be pumped out of the undisturbed soil 
enclosed iu the cylinder. Hitherto samples of the gases contained in soils 
have been obtained by investigators by aspirating through a tube which had 
been inserted into the soil, and it is evident that under such circumstances 
contamination with common air would be probable ; in any case the precise 
•source (l.e.y depth) from which such gas specimens are derived would 
he uncertain, and the estimation of the volume of gas per unit volume of soil 
vcould not be possible. If, however, the gases included in the small C 3 dinder 
of undisturbed soil, wliicli my boring tool withdraws from the land, could be 
separated, its volume could be compared with that of the soil, the exact position 
with reference to depth would be kno\\ n, and contamination with outside air 
\vould be excluded. 

It was, however, not an easy matter to devise a suitable attachment, and 
although one was made several years ago, exjierience with it sliowed that it 
included certain defects. It was onh^ about a year ago that the difficulties 
were finally overcome, and the apparatus, which is described in the first section 
of this memoir, designed and made. 

Having succeeded in this, the apparatus was employed to obtain more 
definite information than we possess in relation to specific agricultural conditions 
«uch as, the gases present during tlie decomposition of green manure, the 
gases of swamp rice soil, the assimilation of nitrogen by Papilmiacece, the gases 
present near the roots of crops, changes during nitrification. 

Another question readily presented itself, namely, would it be possible 
to determine in a given case whether oxygen or nitrogen had been set free or 

1 
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combined * It is evident tliat the mere analysis of the gases would not answer 
tliis question, for althoiigh in the event of hnding a. large increase in the amount 
of carbon dioxide and an approximately corresponding dianoasc of oxygen, 
tlie conelusion would he admissible that the oxygon had been simply utilized 
in an oxidation process, still this is a mere assumption, and in other possible 
oases the percentage composition would only show chatiged proportions of 
oxyt^en and nitrogen, but would not admit (»f a conclusion as to whether 
the one t^as had been liberated or the otlua- assimilated. There was one pos- 
sible means of solving such a (piestioin namely, the estimation of the argon. 
Since argon takes no part in animal or ])laiit economy.* its ratio to the oxygen 
or nitrogen in soil gases would show definitely whether there is in the soil a 
higher or a lower ratio than in the atmosphere, and thereby provide an answer 
to the foregoing question. Considerable time was therefore spent in devising 
the mo.st suitable moans of estimating this elemant with siiffieiont piecision 
for the purpose, when operating Avith comparatively small amounts of gas. 
The amount of argon has not. I believe, been estimated hitheito in such 
small volumes of gas as are referred to in this coni ri but ion. It seems 
therefore desirable to set out a number of the details of manipulation which 
I have found useful in order to reduce as far as possible the error in its 
determination. 

Having obtained information regarding the composition of soil gases 
under these various conditions, attention was directed to the rate of difl’iision 
of gases out of and into the soil in order to form an estimate of the quantities 
involved, and this forms the subject of the later paragraphs, 

I Avish to take this oppmtunity of Hxpn^ssing my obligations to my friend. 
Mr. W. H. Harrison, Agricultural Chemist to tlie Chneninnmt of Madras, for 
kindly supplying me Avith samples of the gases of SAvamp rice laTids (a subject 
AAdnch he has had under investigatioid for several years), in order that 1 might 
determine the proportion of argon in them ; also to Dr. F. P. Harrison, of 
the Indian Educational Service, for kindlv criticism of the paragraphs 
regarding diffusion. 


Since writing the manuscript of this memoir, the contribution on soil 
gases by Russell and AppleyaixP has appeared. The methods employed, 

^ MacDonald & Kellas, Proc- Roy. Soc-, 1890, 67 » 400. 

^ Mem. Dept. Agri. Ind ^ Chem. A'erj'es, Vol. Ill, No. 3, and Vol. IV, No. 1. 

3 E. J. Russell & A. Apple yard, The atmosph<!re of the soil ; its composition and the causes 
of variation. Jour. Agric. fSci- (1915), VII, 1. 
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as also tlio objects in view at Pusa and at Rothani.stetr iespecti\*elv. liav(^ 
been so different that in a ,i'reat measure the infonnation provided is hardlv 
comparable. But one or two points seem to be definite ; (i) the soil in India 
generally or often contains much more carbon dioxide than soil in England, 
(ii) in both countries a considerably larger a mould of oxygen pa.sscs into 
combination within the soil than is accounted for by the carbon dioxide 
produced. 

Russell aud Appleyard employ the term soil atmosphere “ or “ soil 
air” to represent what is actually the ga.seous phase in the soil. Jii mv view 
it is a mistake to employ the term ‘‘ atmosphere " oi' ” air " in this case. It 
IS true that one speaks of the '' atmosphere " of mines, of caves, or of under- 
ground chambers, but iu each of these cases the gas mixture is either suitable 
for humans or is artificially made .so. wherea.s the gaseous mixture in the soil 
is often (at least in India) so different that a humanbeiiig could not exist iu it. 
whilst plants flourish. It is moreover a gaseous mixture which is constaiitlv 
suffering changes iu part by chemical or biological agency, in part according 
as there is much or little water present. 

Another recent contribution bears indirectly on the subject of soil gases 
in their relation to plant life. ^Messrs. Briggs k Shantzd when determining 
the amount of water transpired liy farm crops, grew the plants in jars of eartli 
which were entirely sealed over with wax. that is. these plants grew to inaturil v 
under conditions approaching ” no aeration. " This evidence is entirely at 
variance with popular ideas regarding soil gases and illustrates how little 
is known at present regarding the subject. 


.VrPAR.vrr.s ,\xi) mkthops employed. 

A for the obs’/ruc/uju nf .^oi} f/ases.- As ha.s been briefly mentioned, 

the newly designed apparatus foi' the absti'actiou of soil gases consists of a 
suitable attachment to mv soil-boring cvliuder. A section of the iron cylinder 
IS shown at A iu Hg. L In order to obtain the soil specimen, this cylinder, 
attached to a shaft, is forced into the ground, aided by a rotating motion, and 
after sinking to the reipiired distance, withdrawn. The soil comes out of the 
bore-hole intact, both upper aud lower faces being smooth or approximately 
“SO, The problem was to devise a means of enclosing this soil specimen in 
^uch a manner that the contained gases could be pumped out. 

• Briggs (fe Shaiitz, Rclativi* water re^juirement of Plae.ts, J. A{(. Hescatch, IIT p. 1 to 03. 
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Among the seVeral means which were tried with this end iu view, one may 
be mentioned because it was employed for some time. The upper soil-surface 
in the cylinder was sealed by pouring molten Wood’s alloy (m.p. about 80' C.) 
on to it. This seal was not perfectly tight after solidifying, but was made so 
by the addition of a layer of molten paraffin wax. The lower soil-surface 
was closed by passing a rubber cap over that end of the cylinder. The rubber 
cap was provided with a tube to which a glass tube and stop-cock could bo 
attached. This method included two defects. Firstly, there was a difficulty 
in obtaining rubber caps to fit the cylinders sufficiently well ; they could not 
be made in India and those obtaijied from Europe were frequently faulty. 
Secondly, although the temperature of the Wood’s alloy was not very great, 
still the temperature of the soil was found to rise so seriously that improve- 
ment in this respect was desirable. Eventually the stopper and cap which 
are illustrated in fig. 1 were designed. The cap C which seals the lower soil- 
surface, is of iron and its side is ground to fit the lower end of 
the cylinder A. It is provided with a small outlet tube of about 
1 mm. bore. If this cap is dipped into molten paraffin and 
then pushed on to the cylinder, the edges arc quite gastight. 
The serew-plug 8,P. which seals the upper soil-surface, consists 
of a rubber disk R which is compressed between the iron discs 
D', D", by means of the winged-iiut W working on the screw. 
If this stopper with the screw relaxed, is placed inside the cylin- 
der and then screwed tight, it also makes a perfect joint. When 
taking a soil specimen for gas analysis, the following procedure 
is adopted. A small flat’ dish of paraffin is heated. The cylinder is t^en 
forced into the soil at the required depth. Should this not be the surface soil, 
the soil above that which is required is first removed by other cylinders. 
Immediately on AvithdraAving the desired portion, the rubber stopper is placed, 
temporarily loose, in the cylinder ; the lower cap is momentarily placed, 
inverted, in the molten paraffin so as to coat the edges only, and then pushed 
on to the cylinder ; the soil is now substantially enclosed. The stopper is noAV 
screwed tight. To do this a T shaped box-AA'rench is placed on the upper end 
oi the screAV and turned against the winged-nut W, by which means the stopper 
is made gastight. In order to seal the edge of the lower cap more effectively, 
molten paraffin is applied to the edge by means of a brush. Finally in order 
to close the capillary outlet tube a rubber cap is passed over it* The whole 
procedure occupies a few seconds, and the tAvo soil- surfaces are exposed to the 
air only momentarily. The cylinder or cylinders are then removed to the 
laboratory. 
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In order to remove the gases, the apparatus wliich* is illustrated in 
fig. 2 has been em- 
ployed. To the cap of 
the soil cylinder is 
attached a capillary 
tube with tap T, and 
it is suspended in the 
glass jar J. The capil- 
lary tube is attached 
in turn to the flask F 
which stands in the 
glass jar K, and F is in 
turn attached to a Top- 
ler pump. Flask F con- 
tains a small amount of 
mercury M to prevent it floating. Jar J is filled with cold water so as to sub- 
merge the cylinder A ; jar K is filled with ice-cold water. All the several 
rubber connections arc thus sealed underwater. The object of using ice-cold 
water in jar K is to prevent water accumulating in the pump. So soon as 
the connections are made (tap T being closed) the apparatus is exhausted as 
far as tap T. Subsequently T is opened and the soil gases flow into the pump 
section, and may be collected at tlie pump outlet in a suitable gas-holder. 
Ihe moisture in soils, more particularly when they are wet, offers a certain 
amount of resistance to the flow of a proportion of the gases, and on this account 
aft-er most of the gas has been removed and the vacuum has become fairly 
good, warm water is added to jar J in order to raise its temperature to about 
lo''C. This naturally occasinms tlie expulsion of the gvoatcr part of the water 
m the soil, and it is principallv on this account tliatthe cooled flask F is so 
useful. By the aid of the cold water in K most of the water vapour in tlie 
gas becomes condensed, and, since the temperature of the gas rises as it flow.s 
into the pump, condensation of moisture in the pump is avoided. 

This apparatus has been found to fulfil its function very well : it is expe- 
ditious and has offered no iiiconvenienees. The time roquiiod to separate 
the gases from a portion of soil usually occiqiies from \ \ to 2 hours. 

E^stwuilkm of hijdrofjen and After removal of the carbon 

dioxide and oxygen, any hydrogen or hydrocarbon present must be deter- 
mined, for these are^not infrequently present in soil gases. To this end 
I have passed the gas over hot copper oxide as being more suitable than 
combustion in oxygen when the peTcentage of these gases is quite small. 


TQ TQPLER PUMP 


! :i 



CENTIMETRES 



90 


SOIL OASES 


It is perhaps veil to refer here to the errors accompanying an operation 
such as the determination of small amounts of hydrogen. In Table X suiall 
percentages of hydrogen gas are stated to have been found in the neighbour- 
hood of plant roots, am! moreover this gas was not always found. For example, 
hydrogen (1*39%, 1*37^()) was found near the roots of maize on the Gth and 
8th September and none on 10th September, and the question naturally arises 
how far experimental error may be answeral)le either for the detection of the 
gas, or for its total absence. If hydrogen was being formed on the curlier 
dates, it is improbable that tlie process was entirely suspended on the later 
date. In some cases tlie same gas was paseed over hot copper oxide a second 
time, and here we have the two measurements of the gas wljich should be 
equal ; any difference is due to error. Again in other cases no hydrogen was 
found and any difference between tlie gas volume before and after the 
operation is due to error. 

The probable error deduced from such measui'cments — :bO’U4o c.c. 
tlie total volume of gas being about 50 to (H) c.c. j tlie probability is 25 : 1 
that any difference after passage over copper oxide greater than 0*15 c.c. is a 
real difference. 

Thus : 

Samples of gas from neigh bouiliood of maize 
roots. 

(i) \olume of gas after removing CO:> & 0 . . .5;M1 c.c. 

Do. aftei' passing over CuO . . 52*22 ,, 


A - — 0*92 „ 

Do. after again passing ever CuO .. 52*23 ,, 

0*92 is a real difference due to hydrogen. 

(ii) Volume of gas after removing CAD & 0 , . 42-10 „ 

Do. after passing over CuO . . 42*07 ,, 

A — 0-09 „ 

0 09 is possibly due to experitneiital error, 
but as the gas was one of a series in which 
hydrogen was usually present, the pre- 
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sumption is that this gas was actualhi 
present here. 

(lii) Volume of gas after removing COj & 0 .. c.c. 

Do. after passing over CuO .. ol‘07 .. 

^ ^ 0-05 ,, 

Here the differ ciu'e is obviouslv due to ex- 
periment h I eiToi-. 

Sample of gas from green-manured laud, 
iv) \b>hime of gas after removing CO^ k 0 . . 63' 7G 

Do. after passing over CiiO .. 63*00 .. 

A — 0*16 .. 

This dilferiMiee is so miieli greater than 
the probable error that tlie probability 
is 2^) : 1 that hydrogen was present. 

The estimalian of oi/fon. 1"he (‘(irreet estimation of argon offers no difli- 

culties provide<l the voiunn‘ (if gas eiipdoved is considerable, but since 1 
have not found in the literatuie iiiiy example of the determination of argon 
in small quantities of gas. .sucdi as are obtainable from soil by my 
apparatus; it will be of interest to otliei's who may be engaged on the exami- 
nation of .soil ga.ses. if the apparatus and y/mdev oj^veoiKh which 1 ]ia\ e employed 
are described in some detail. 

The hurefle. The gas-burette consist t'd in the upper ]iart of a tube of 
about 1 mm. internal diametei by about 3u cm. l()ng : this was marketl at 
each ceiitinietre. I cm. --O’bhc.c. appioxiinately. 'flic lower jiait of the 
burette consisted of a series of bullis of approximately 3. li. TJ. 2-1 and 18 c.c. 
respectively, and tlie t(‘tal volume was about 100 c,c. 

Abmrpiiou of f he niimjeu. With considerable (|uant it ies ol gas, tliea})pa* 
ratus which was euiploved by Kayleigli and Hamsay^ ior the separation 
of argon from air or that used bv iSchloc.siiig,- posse.'^scs tlie great advantage 
of caiivsiug the gas to pass repeatedly over the absorbent . Ihit when woi king 
with the small amount of gas that was obtainabb' irom small soil sjicrimens, 

• Phil. 1 sa.'i. \'nt. ist'p. piirt I. [’• 21-. 

i ('fiiiipt. Jsa.'i. 121. 
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this appamti'.s pro^al unpractical. After trial of several different arrange- 
ments, that which is illustrated in fig. 3 proved to be the best. Little cxpla- 


TO 

PUMP 



nation is required. A mixture of good calcium oxide, magnesium and sodium 
is placed in the tube and kept in position by asbestos plugs. G i.s a small 
gas-holder full of mercury. Both taps T', T", as likewise all rubber junc- 
tions J, J, are mercury sealed. The tube marked lloSOi contains pumice 
saturated with sulphuric acid. When carrying out an absorption, the air 
is first removed from the apparatus as far as tap T', The lime-magnesiuin- 
sodium mixture is now heated to dull redness by a small furnace (not^ 
shown) and most of the hydrogen which is evolved is lemoved. Tap T" is 
now closed. The residual gas, nitrogen and argon, is passed into the gas- 
holder G, and allowed to flow into the absorption tube. The nitrogen is 
absorbed very rapidly at a dull red heat, but since the first portion of the 
gas fiovrs very cjuickly over the heated linie-magnesiiim-sodinm, it is 
desirable to pass the gas over the absorbent repeatedly. To this end T" 
is momentarily opened and then closed again. This allows a part of the 
residual gas to flow into the pump section, It is pumped out into a small 
tube and returned to the gas-holder G, whence it is allowed to re-enter the 
absorbing tube. After repeating this operation four or five times, the residual 
argon hydrogen is pumped out, and the hydrogen is subsequently 
removed by passing the gas over hob copper oxide. 

Tlie perfection of the absorption of the nitrogen, and thereby the accuracy 
of the argon determination, will be considered presently. There are, however, 
a number of details of manipulation, which have been found to be necessary 
or desirable, and these may be here suitably considered. 
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(а) The lime has been obtained by heatin^^ good iiilrblc; broken ivolume 
ments of about 2 to 3 nim. diameter and containing not more than a?ome 
2 to 3% of carbonate. 

(б) The magnesium has been in the form of a powder. It contains a 
.small amount of hydrogen, but the mixture of magnesimn, sodium and lime 
yields a much larger amount, This is appaienlly due to the action of the 
sodium on the lime, wdrich almost necessarily contains a small amount of 
hydroxide, and to the presence of moisture in the magnesium powder. Tor 


example 

(i) Hvdrogen obtaiiKM.l from i grm. inagnosium .. 2 0I 

Do. from 0 grm. lime sodium .. 32-72 

(m) Do. from d grm. lime, 1 gnm mngne' 

•si urn and sodium . . . . 


A small amount of earbon dioxide (about 3 e.c.) was evolved Ironi the 
lime at the .same time. The Jiydrogen commences to be liberated at a low 
temperature and the greater })ait i.s rapidl}' evolved, but the last portion of 
the mixture of CO 2 + H i.s not readily rcmovecl in any reasonably short time. 
By keeping the pump in action for \ — I hour while the tube is at a dull red 
heat, the pressure- is reduced to between 1 and 2 mm. and any hydrogen or 
earbon dioxide then remaining is of no consequence. 

(e) The mixlure employed is that lecommended by Hempel. namely, 
5 grm. calcium oxide. 1 grim magnesium and ti'25 gnn. sodium, Ihe 
two former arc weighed roughly and a suitable piece of sodium is measured 
by the eye, but cut clean under ])etro]. The two first named constituents are 
mixed rapidly in a tube; about onedialf is iutrocliiced into the combustion 
tube, then the sodium (wiped free from ]ietrol)is introduced, and tmally the 
remainder of the lime-magnesium. A second asbestos plug is inserted, the 
tube fitted into its place in the apparatus and the air removed. Ihe-sc opera- 
tions are performed as rapid!}' as jiossibic, been use it is of more importance 
to avoid unnecessary contact with the air, tlnni to secure precise propoitions 
of the ingredients. Hempel states that the tjaantities mentioned will absorl) 
326 c.c. of nitrogen, and the mixture ceitainly absorbs one-fourtli ot this 
quantity very perfectly. 

(tf) Before commencing to liil the combustion tube it is necessary that 
the gas-holder G shall be full of clean merctiry up to and including tap I ; 
it is also desirable to have the pump-section from T' exhausted, because in 
this case, most of the air of the combustion tube can be removed immediateh 
after connecting it, by opening tap T". 
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this a’' combust itn tube . — For some of the earlier work quartz tubes were 

but they possessed no real advantage over glass combustion tubing, 
ey require careful cleaning, and are in any case attacked and gradually 
lestroved ; also they are not all gaslight. Uood glass combustion tubing 
has proved more suitable and is generally quite gastight. 

(/') The junctions J.- All taps and rubber connections are necessarily 
mercury sealeil. For those marked J in tig. pieces of 
glass tul)e with ii hole cut in the side (sec II. tig. 1) 
have proved the most serviceable. This hole is cut bv 
holding the tube against a grind-stone until a 
sufficiently large oval-shaped apertni'e has formed for 
fig. 4 the introduction of mercurv. The ends of this tube 
are joined to the tubes of the apparatus liy corks. A 
ring of plasticine round tlie hole H forms a useful collar. 

ig) After absorption of the nitrogen, the following procedure has been 
followed for the removal of the aigon. Tap T" is momentarily opeiunl and 
then closed. One '‘stroke'' of the Tdpler pump is then made. Tap T" is 
then again opened and closed, followed by the removal of tliegas in the pump. 
This operation is repeated eight or t(‘n time.s. Finally, with tap T" closctl 
the whole of the remaining gas iji the pump section isreiiioved. The reason 
for this mode of operating is this. On opening tap T" most of the gas (A + H) in 
the coadjustiou tube passes into the [)mnp ^ection. and consequent on tlie 
reduction of pressure, more liydrogeii is evolved troni the magnesium. 11 
then tap T'' remained open, the eti’ect of pumping would be to cause a stieam 
nf hydrogen to pass out of the tube, and the argon from the further end of the 
tube would only pass out moia' or less by diffusion, unless the pump were kept 
ill action until every trace of hydrogen liad also been abstracted, which would 
certainly be a tedious process. But by closing tap T" temporaiily while the 
Tdpler pump i.s actuated once, the Iiydrogeu coming fiom the magnesium 
displaces the argon in part and on again openjng tap T'" a proportion of the 
mixed gases passes out. Supposing the relative volumes of tlie Tdpler pump 
.anil the combustion tube are (say) *3:1; then each time tap T" is ojiened 
tlirce-dourths of the gas in the combustion tube is removed, leaving only one- 
fourth ; that is, by the procedure above outlined, only a small proportion 
of the argon remains in the combustion tulie after each stiokeof the pump. 
In case of the above proportions, onc-fourth of tire argon remains after the 
first stroke, one -sixteenth after the second, etc. If then the ojieration be 
repeated eight or ten times substantially all tlie argon is removeil, witiiout 





J. W. LEATHER 


95 


troubling about the perfect removal of all the hydrogei?. The total volume 
of A + H which has usually been collected in these operations has been some 
0 to lOc.c. most of which is hydrogen. 

(/?) The time occupied for 1he removal of the hydrogen from the mag- 
nesium mixture and the suhscnpiont operations for the absorption (»f the 
jiitrogen, and final removal of the residual hydrogen is about hours. 

(?■) For the removal of the hydrogen and any carbon monoxide or dioxide 
from the aigom the gas is passed into a tube containing hot copper oxide, 
and at the cool end a small amount of soda-lime ; both being retaiiied in position 
by asbestos plugs. The gas is ciicidafed through this tube in thesaine manner 
as when absorhiiig nitrogen. Finally tap T" is opened and all uas pmnped 
out, wliich should now I'e puie argon. Ft)i this operation a (piartz tube 
was found very suitable and proved ([uile ga.stight for manv operations. 
Later, however, this tube came under suspicion nf being slightlv porous. The 
(juantity of this air was very minute, but it .seemed to be a definite leakage 
and the tube had in consequence to be laid aside. This is inentioned 
uierelv as an instance of a (piartz tulje l;eing quite gastiglit for some mouths, 
and then becoming imperfect, without having anything in the nature 
of a crack. 

The aaui'dcf/ of I he (Icfeendiuidou (f <nynii.- - \n the following Table 1 are 
set out the results of deteianinations of argon in air. Here as in all other 
analyses detailed in tills memoir unless specially mentioned, tlie volumes 
of gases arc calculated at NT and P in tlie drv state : 

Table 1. 


PeivenfiKjc ofuryoH fomid nt <i(i\ 


Volume of air 

A I'^'on 

Uatia 

craployeU 

X 

c.c. 


A 

ar*.)0 

1-058 

73-5 

t:072 

1051 

74-2 

26'il 1 

0-930 

81-0 

125 08 ; 

0-901 

81-4 

49-83 ! 

1-043 

75-0 

64*87 1 

1-01 1 

77 -3 

122-87 1 

0*936 

84*0 

41-2U . 

0-920 

S.5-0 

(;74s 1 

0-912 

83-0 

.w. 1 

0-929 

S3-0 
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T. Sclilocsing^ fofiudj in a series of analyses of air in the neighboiirliood 
of Paris, in which he employed about ho litres of air for each analysis, from 
0‘9325 to 0*9369% A, In another series of samples of air taken at various 
places and elevations 1*192 volume of argon was found per 100 volumes of 
N+.A, which is equivalent to O' 9 125% A on the assumption of a normal 
percentage of nitrogen in the air. Kellas- found almost identical amounts. 

It i.s evident therefore that about one-half of the pcrcciitages of argon 
found by my analyses are too high, a circumstance which is doubtle.ss due to 
small amounts of nitrogen having escaped absorption by the CaO-|~^Ig+^*^'^ 
mixture. None is ton low. I'onsidering the small amounts of gas employed 
the determinations are probably as accurate us one can expect. 

The ratio derived from Scliloesing's data is 83-2. 

Proportions (by volvme) or water and ga.ses in the soil. 

It will be evident that not only can the gases of a known volume of soil be 
extracted, but that also from the weight of fresh soil taken in the cylinder 
and, subsequently, the weiglit and sp. gr. of the dry soil material, the 
volumes of the three constituents— soil-material, water and gas— can be 
.separately deduced. When making the calculations, that part of the 
carbon dioxide 'which is present in solution {see p. 100, of this memoir) 
must be deducted. The following examples may be suitably quoted 

i^oil depth. 

{(i) Cylinder, etc,, plua damp .soil 

Cylinder, etc, 

Damp .soil plus wax . . 

Wax 

Damp .soil.. 

Dry soil • . 

Watci' 

(b) Soil material D 2*71 

Water 

Gas at soil temp, and moist 


Volume of fresh soil 


:'G"— 2'9" 

3" — 6" 

12—15" 

grm. 

grm. 

grm. 

1082-2 

1000-7 

1068*0 

852-5 

852*4 

840*2 

229-7 

208*3 

227*8 

O'o 

1*3 

1*1 

228-9 

207*0 

226*7 

207*7 

193*8 

209*8 

21-2 

13*2 

16*9 

c.c. 

c.c. 

c.c. 

76-61 

71-51 

77*42 

21-2 

13-20 

16*9 

59‘38 

68-79 ■ 

61*62 

157*22 

153*50 

155*94 

154*4 

154*4 

154*4 


t Comp, ren'i. 189o 121, 604 and 1S96, 123, 090, [ 2 ]'roc. Boy. Nor. ISO.y 69, 00. 



J. W. LEATHER 


07 


Cojidensedgas.—Tha dilierence between the sum ol Hie estiuiated con- 
stituents and the volume of fresh soil is only small ; usually the former is 
greater by 0-5 to 2*0 c.c. and indicates a small condensation of gas on 
the soil particles, but this fact is not very well established because an error of 
1 32 inch in measuring the length of the soil column is equal to rather more 
than 2 c.c. in my apparatus. The volume of such condensed gas in tlm 
Piisa soil is certainly less than 4 % of the total gas present. 

Gas compi'essed bg surface /ensmm—One factor whicli mavin places oper- 
ate on the volume of gases in soils is surface tension. Suppose a bubble of r/as 
to be surrounded by water in some small cavity in the soil, the circumstances 
being that the quantity of water is so large tliat it is free to enter or leave the 
cavity. Under such circumstances the tension of the water-gas surface would 
tend to increase the pressure on tlie gas beyond that generally exi.sting in the 
soil and which is approximately that of the atmo.sphero. This subject has 
not I think been referred to by others when discussing the physical properties 
of soils, and although no direct experimental data can be offered liere. the 
matter is deserving of consideration, because quite .small spheres would he 
exposed to considerable excess of pressure, and the correspond ins decreased 
volume would be included in the difference between the volume of aas e.sti- 
mated and found, and would not be differentiated from gas condensed on the 
surface of soil particles in the foregoing method of measurement. 

Although it is not possible to .state the conditions with any great preci- 
sion, the following limitation seems to be reasonable. In order that the water 
in any particular cavity maybe free to cxoit its .surface tension, its quantity 
must be considerable. It would not be suflicieiit for th: cavity to be merely 
lined witli water, with water-films closing its various montli.s, because in sucli 
circumstances the surface tension would be as fi equently negatiA'e as positive 
with respect to the enclosed gas. Considering various shaped cavities it seems 
doubtful whether the enclosed gas would ])osse5s the spherical sliape and be 
suiToundcd by water sufficiently fiee to exert the full foice of tlie surface ten- 
sion unless the volume of water were at least twice that of the gas. Consider- 
ing the relative volumes of water to gas in the Pusa soil generally, such a high 
proportion of ivater only occurs during the wettest weather and then only for 
a comparatively short time. Usually it may be said that, in this soil at least, 
the proportion of water to gas is so low that no large part of the gas could be 
present in the form of spheres surrounded by water sufficiently free to exert 
the pressure which we are now considering. Generally over the greater part 
of the year the major part of tlio gas must ho free from this influence. 
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But here ami tJiere in the soil at any time, and inoie generally during the 
monsoon a part of the gas will be present as small spheres, and the increased 
pressure to which such gas would be subject is of interest. The pressure is 
represented by the equation : 



in which 

p = pressure 
T = .surface tension 
r — radius of sphere 

It i.s evident that for very small spheres the pressure becomes considerable. 

In the absence of direct measurements, the size of soil cavities is unknown, 
but they cannot generally have a smaller diameter than the average diameter 
of the soil particles, and pr(;bably such cavities are generally larger than this. 
The average diameter of the irroater part of the Pusa soil particles varies from 
0’0008 to 0*0032 cm. If it be assumed that the corre.spouding cavities ijiclude 
about half their volume of gas in the form of a .sphere, the radius would lie 
between (about) 0*0003 and 0'0012mm. 

For temperature = 30^C, 'r = Ti dynes, and the increased pressure to 
which such spheres as tlu)se indicatet! would be subjected, lies between 
470.000 and 120.000 dynes, ov say between (me-half and one-tenth 

atmosphere. 

Vohfmes of wafer and pas.—X number of measurements of the soil 
constituents at different depths and at different seasons have been made, and 
Table II includes some examples. Regarding the volume occupied bv the soil 
material this is usually in the neighbourhood of and varies from 45 
to of the total. As this is comparatively i:oM.stant whilst the propor- 
tions of water and gas vary within wide limits, onlv the latter are set out in 
the Table, It will be seen that the data contained in the tii'st two columns 
refer to the state of the soil after long periotls of practically dry 

weather. Then in Tune the effect of the monsoon rainfall bcc<uncs evident. 
The first rain is absorbed by the upper soil and the third column contains 
an example showing how so heavy a fall as 5 in one week has not 
altered the proportion of water and gases materially in the third foot. In 
the same month, after a further fall of 5*3" of rain in two weeks, the 
water has descended into the fourth foot. Later, during the same 
monsoon, the proportion f>f water increased somewhat and that of gases 
was reduced. The effect of continuous heavy rains for two months, was 

to reduce the percentage volume of gases from 35 or 40% in the hot 

weather to between 25 and 30% in the middle of July, 



Table II. 

l^roportknis {btj volume) of water and gases in the soil. 

1011 I lyil i 11>11 I 1907 1 ioos 19(^ 
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These figures vefir to one class of land, the Bihar alluvium, and one cannot 
say what the corresponding proportions would be in other soils, but as there 
is extremely little information on this subject in the literature, the data will 
be of interest. It should also be noticed that although the volume of water 
increases during the rains to something like four times as much as in the dry 
season, the volume of gas does not generally decrease to one* ha If. 

It will be a convcnioncc for certain calculations to note that the percent* 
age figures quoted in Table 11. when multiplied bv ten, become c,c. per c.dm. 
of soil. 

Proportiox of the gases dissolved in the soil- water. 

It is evident that when the enclosed portion of soil is subjected to the 
vacuum as explained on page 89 of this memoir, not only will the gases which 
are present in the gas phase be pinnpcdont, but also those which are present 
in the dissolved state in the acjucous solution will be extracted. Of the gases 
which are commonly present only one, carbon dioxide, is dissolved to any 
material degree. By way of illustration in respect of the other gases a high 
proportion of water may be assumed, a condition when the amounts of 
dissolved gases are comparatively large. The soil interspace may be assumed 
as occupied one-half by water and tin? other half bv atmospheric gases, 
carbon dioxide being excluded. Then : 

Vol. .0 N A 

(«) gas phase 1 20’93 78'10 0*937 

(&) water 1 0*00607 0*0122 0*000337 

trom whicli it is evident that tlio amounts of 0, N and A present in the soil- 
water are negligibly small. Carbon dioxide is much more soluble and is dealt 
with in the next paragraph. 

The disbihitwn of the amozwla of CO 2 in solution and in the gas jdiasc 
respectively.— A part of the carbon dioxide which is found in the mixed gase.s 
as obtained from soils is derived from the soil solution, the remainder being 
in the gas phase. The former is usually considerably greater than the latter, 
and it follows that to state the percentage of CO 3 present in the extracted 
gases without making due allowance for that part which is present in the soil 
solution would lead to a misapprehension as to the real state in the soil. For 
example, the analysis of a gas was found to be 

N-f A . . . . 83*06 per cent. 

0 .. .. 10*18 

^02 . . ^ . . Cvlf) 
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but calcuktion showed that of the 2'31 c.c. COo which \>as measured. 1-965 
c.c. was present in the soil solution, and only 0-371 c.c, was in the gaseou.s 
.state. Consecpiently the real composition of the soil gases was : — 

% 


N-fA 

.. 88-06 

0 

.. 10*80 

CO. 

.. Ml 


In order to he able to calculate the proportions of carbon dioxide in solution 
and in the gaseous state respectively, the following information is required : — 
(f) The amount of aqueous .solution in the soil and the solubility of 
carbon dioxide in this solution. 

(u) Tlie volume of the gas phase. 

(iii) The volume of COo (total). 

{ir) The relation between the partial pressure of CO^ in the gas phase 
and in the solution. 

(r) The temperature. 

The mode of calculation involves two assumptions. The first is that the 
dissolved carbon dioxide is chiefly })resent as calcium bicarbonate. This 
involves no large error because calcium carbonate is the only carbonate whicli 
good soils contain in material (piantity. The amount of alkali carbonates is 
usually so small that they cannot aifect the (piesticm. and according to some 
recent work, magnesium carbonate is probably never pre.sent in material 
amount in good lancl.^ Moreover calculation, to which refercjice is subse- 
quently made (p. 106). shows that all ordijiary soils contain much more than 
sufficient calcium carbonate to unite with any carbon dioxide which mav he 
present in the soil. 

The second a.ssumption is that the carbon dioxide unites with 
calcium carbonate as quickly as the gas is formed It would, it is true, be 
incorrect to speak of a state of tnio equilibrium occurring between the three 
phases for two reasons, (f) The aqueous solution must be ass\imed to be 
constantly movijig from om; poijifc to aiiothei-. either to supph* a growing 
plant, or to replace water which has evaporated at the surface, or it is draining 
downward during wet weather. The actual distance through which such move- 
ment takes place is liowcver small from the point of view now under 


I J. Walter Leather & Jathulranath Sci;. 'i'jio system magriesinin carbonate, cKldum 
carbonate, car}x>iiic acid, water. Almoirs jDrjib dgrri. //irf., CJnm. Vul. Ill, 8. 

W. H. MacIutjTe. The nou-cxUtence of magnesium carbouato m humid soils. AgrU 
Mxjpl, Station oj the Vnitersily of Tennmee Bv.U. 107, June 19U. 

•) 
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oonsitleration ; for exi mple. the aqueous liquid probably a ever luovos Oo incli 
per hour eve uiu the wettest weatlier and usually the distance is very much 
less, (it) Those gases such as carbon dioxide which are not at the same partial 
pressure in the soil as in the atmosphere, must be constantly subject to the 
process of diSusion, and consequently tlicir quantity is always changing in 
the soil. ]^Iorcoyer it is probable that carbon dioxide is being formed over a 
large part of the year. But the fine .state of sub-division and consequent great 
surface of contact between gas. water, and soil ensures that a state 
approaching equilibrium between the carbon dioxide and calcium carbonate 
must ocelli'. 

The relation between the partial pressure of the COo ga.s and the CO:> in 
Ca(HC 03)2 solution is knowid and the following Table III contains the data 
necessary for our present purposes. 

The volume of the liquid phase may be assumed equal to that of the 
water, but that of the gas phase is less than the volume of gases extracted, by 
the amount of carbon dioxide in solution. 

Table III. 

The relation between the carbon dioxide dissolced in Ca(HC 03)2 solafion and 
the siiperincumhe}d gas 'phase. 


CO 2 per 100 

c.c, CO; 

per 100 c.c. Ca (IlrQ,) 

2 sola lion. 

c.c. ga8. 




p.p, ; 

t = 20 ^0. 

t = 25 =C. t 

== 3l) 'C. 

0*1 

1-31 

1*35 

1*39 

0-2 ^ 

2*01 

1*97 

2*04 

0-3 

2-59 

2-57 

2*55 

()-4 

3‘10 

3*04 

2*99 

0-6 

:v5: 

3*17 

3*39 

0-6 

3V8 

3*85 

3*74 

0-7 

4-38 

4*22 

4*(i7 

0*8 

4*77 

4 *.^7 

4*38 

0'9 

6*13 

4*83 

4*68 

10 

5*45 

5 19 

4*97 

15 

6*99 

6*57 

6*23 

20 

8-42 

7'77 

7*28 

3-0 

10*80 

9*84 

9*09 

4*0 

12*95 

l!*b6 

10*60 

o-O 

14*^5 

13*30 

12*05 

6-0 

U'CO 

14*78 

13*33 

7*0 

1»<*30 

16*16 

l4'o0 

8*0 

19*30 

17*50 

15*63 

9’0 

21*35 

18*70 j 

16 67 


I ,J. Walter Leather and Jatindranath Sen. The syjjtcm calcium carbonate, carbonic 
acid, water. Memoir Dept. Agri. Ind., Chem. Series, Vol. I, Xo. 7. 
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Tlif^ calculaliui) for tho distribution of tlio CO^ bptw.len tlif" two pliases 
is then as follows : — 

Put a = volume of water or aqueous solution 
X = volume of CO2 in unit volume solution 
b = volume of gas phase 
y = volume CO2 in unit volume gas phase 
then X : V ?= ratio of CO^ in unit volume of liquid and gas phase 
respectively .. .. .. (1) 

and ax + by ~ total volume CO2 . . . . • • (-) 

There are thus two unknowns, and equation(2) can onlv be solved after 
the solution of equation(l). But there is no direct solution for the latter. 
It can, however, be approximated ; equation (2) can then be solved. From 
tho information thus obtained a second approximation for eqiiation(l) can be 
made and thence a second solution for equation (2). The true values of x and 
y can thus be obtained by a scries of <approximations. An example will 


illustrate the method 

Volume of siliceous matter . . . . 82-6 c.c. 

Do. water . , . . . . :38‘0 c.c. 

Do. gas . . , . . . 3.VO c.c. 

Do. CO2 . . . . . . 2-34 c.c. 

Temperature 30 'C, 


The lli’sfc operation is to guess a lirst soliitiun of equation (i). Tlie COi. 
2-31: C.C.. is distributed between the 38 c.c. of .soil solution and the 35-6 c.c. 
of gas. The two latter are approximately equal. Reference to Table III 
sliows that with a p.p. =:1'5, 100 volume.s of gas plus 100 volumes of solution 
would contain ho + 6-22 volumes of COo which is relatively greater than 
that present in the quoted case. Also it is evident that much the greater part 
of the CO2 is derived from the solution. This mental estimate shows that the 
p.p. was <[1*5. Equation (1) may therefore bo solved with the values : 

X : y — G*22 : 1*5, whence x = 4*14 y. 
and X : y r: 4-97 : 1, whence x — 4*97 y. 

Employing the first in eq. 2 we have : — 

38 X + 35*6 y = 2-34 
{38x4‘14) y A 35 6 y = 2*34 

y = 0-01215; x = 0-0502 
ax = 1-91 c.c. CO2 in solution 
by 0-43 ., ,, gas 


and the p.p. CO2 


0-‘^xJ00 

35*6 


1*2 
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Employing the Second value in equation (2) we obtain 
y = O-OlOi 

and the p.p. CO^ - 101 

It may be pointed out here that the vahie of y multiplied by 100=the p.p.C02 
in the gas phase. 

The criterion of the correctness of the calculation is the equality of the 
partial pressure thus found from e([uatiun (2) with that which has been employed 
in equation (1). Thus in this example it is evident that the second value, viz,, 
TO is much the better, and that I'Ol for the p.p. CO 2 is very near the truth. 
The distribution of the 2*31 c.c. COo is then very nearly 

0'37 c.c. in the gas phase 
1-96 c.c, in the soil solutio]). 

These values would not he materially different if a further approximation were 
made in which b is put equal to 35'6— 1*96 — 33'64. 

The analysis of the gas had yielded the following : — 

0/ 

/o 

N + A .. .. 83*06 

0 .. .. 10*18 

CO 2 .. .. 6-76 

But after distributing the COj between the gas and liquid phases, the compo- 
sition of the gas phase as it existed in the soil becomes : — 

0/ 

/o 

N + A .. .. 88-0 

0 .. .. 10*8 

CO 2 . . . . 1*2 

Another example may be taken 


Volume of siliceous material 

, . 75*8 

Do. water 

. . 52-4 

Do. gas . . 

. . 29*4 

Do. CO 2 .. 

. . 2*93 


t = 30"C. 

Here not only is the volume of CO 2 small, but the liquid phase is considerably 
greater than the gas phase, and it is evident that most of the CO 2 is present 
in the liquid. 

If the p.p. CO 2 is put = 1 

then X : y = 5 ; 1 .. .. •• (1) 

and 52*4 x -J- 29*4 y = 2*93 , , ♦ • (3) 
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substituting 

{52'1 X 5) y -b 20-4 y ^2*9:4 
y O'OlOO 
X = 0-0500 

whence 

52-4 X 0-05 = 2-620 c.c. COo in solution 
29-4 X 0*01 = 0-294 c.c. CO 2 in gas 


p,p. CO2 


0-294 X 100 
294 


= 1-00 


If, however, the p.p. CO 2 be assumed = 2, then x : y = 7-33 
calculation yields 

52-4x0-0485 =.2-54 
29-4x0*0132 = 0 *39 


2 and the 


and the p.p. COo = 


0-39 X 100 
'2-93 


instead of the p.p. 2 assumed. 

Thus the first calculation is much tlie move correct and is in fact very 
near the truth. 


The analysis of the gas in this example > i elded 1 — 

0/ 

. 0 

N + A .. .. 79-0 

0 .. .. 10-9 

CO. .. .,10-1 

After deducting the CO. which was in solution, the composition of the gas 
phase in the soil becomes : - 

. u 

N + A .. •• S0*9 

0 .. .. 12-0 

CO. .. .. 1-1 

The compositiou of the soil gases in the examples (pioted in succeeding 
paragraphs are as found by the analysis of the gas as extracted from the soil 
specimens, and consequently the percentage of carbon dioxide is generally 
very much higher than was actually present in the gas phase in the soil. It 
has been considered preferable to leave the analyses tlms unaltered, largely 
because so little is known regarding the respec-tivo functioiis of the dissolved 
and gaseous carbon dioxide. The followijig o.xainples of ri'-calculated anaUsos 
will serve to illustrate the difierciicos which exist l)etween the percentage of 
total and gaseous carbon dioxide respectively. 
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Table IV. 

Examples illiislratimj the percentage of total carbon dioxide and the some 
after correction for the part which is in solution. 



1 II 1 

ill 

IV 

V 


Composition 

found by gas analysis. 



Percent. Pot cent. 

Per cent. 

Per cent. 

Per cent. 

Nitiogeu plun ai'u'cii 

7fi-t7 80-45 

77*3t; 

80*78 

74-30 

Oiygen 

7'25 

6 ‘8.5 

*2*23 

4*30 

Garbou dio,\id-j 

ted; 12*30 

l.V7t! 

10*09 

' 21-11 


Compo.*.ilion after correction for tlio dibsolvcd carbon dioxide. 

Nitrogen plus arguii 

83-21 dU-TS 

<J0'2I 

02*47) 

89'8l 

Oxygen 

14-77 S'17 


■J'oO 

.3*25 

Carbon dioxide. 

1-dO 1 o:> 

1 80 

•3*00 

j 4-04 


Wliere tlio total carbon dioxide is iniicli less than It) per cent and the soil 
is not particularly dry it is nearly all in solution. 

What proportion, of OnC'O^ in the soil is necessarj/ to satisfy a n>j probable 
proportion of Chf o-? CaiHCO-W^l I)i a foregoing paragraph (page 101) it 
lias been mentioned that calculation shows that all ordinaiy fertile soils 
( oiitain sufficient calcium carbonate to form the bicarbonate with any 
carbon dioxide which may occur in a soil. 

Ihe highest percentages of CO^ wliich have been met with are (i) 
in some green- manured soil, and (if) 2M4:% in the gases from the neighbour- 
hood of the roots of an indigo crop. 

Ihr the present calculation the following assumptions will be made : — 


{i) COoiugiis = 25% 

{ii) temperature GO'C. 

(m) 1 c, dm. of soil to include 

c.c. 

iSiliceoLis material 

. . oai 

Water 

. . :ioo 

Uases 

, . 200 

including CO^ 

DO 


that is, conditions reijuiring an unusually high proportion of calcium carbonaio 
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The distribution of CO 2 works out to ; — 

11’7 c.c. in the gas phase. 

38*1 c.c. in the liquid phase. 

This carbon dioxide is equivalent to 0-153 grin. CaCO^. 

The 500 c.c. of siliceous soil niaterial is equivalent to 1,350 grm., 
and 0*153 grra. of calcium carbonate is equivalent to 0-0113 per 100 dry soil. 

I As all good arable soils contain more than this amount, and conversely an 
I unusually high proportion of carbon dioxide has been assumed in the 
foregoing calculation, it may be safely concluded that all good soils contain 
more than sufficient calcium carbonate for the end in view. 

Proportions of Oxygen and Carbon Dioxide in the 
Soil Gases in Fallow Land. 

In Table V are set out a number of examples illustrating the proportions of 
oxygen and carbon dioxide which liave been found in the soil gases of 
unmanured fallow land and a number of others will be found in Table XIII 
(])age 119). There are several points of interest. 

(u) The percentage of oxygen is considerably higher in the hot dry 
season (April to May) than during the inonson (June- July). The percentages 
naturally vary but approximately the oxygen percentage was found to fall 
from say lb or 1S^{, in (he dry season to between 8 and during the rains. 

(5) As is evident from the quoted exam])]es. the percentage of carbon 
dioxide vario.s within wide limits, and there seems to be as much at 5 or G ft. 
deep as in the surface soil ; it increases during the monsoon but the change was 
marked chiefly after tlie first heavy rain. This point will be referred to sub- 
sequently when speaking of the changes during nitrificatioii, but tliere seems 
to be no doubt (hat one of (he elfocts of the first heavy rain is to occasion a 
production of thi.s gas. The amount of carbon dioxide found in fallow land 
is. however, smaller tliau Avhat 1 have met witli in the neighbourhood of the 
roots of crops to which reference will also be made subsequently. 

(c) It has been suggested by AVollny^ that the sum of tlie percentages 
of oxygen and carbon dioxide in soil gases always approximates to 21, but this 
is far from being the case, and although (he sum of the two often approaches 
this figure, (here are too many exceptions to admit of this suggestion carrying 
any weight. The formation of carbon dioxide is doubtless dependent on the 
presence of oxygen, but to suggest that each volume of carbon dioxide which is 
formed demands one \*oluine of oxygen would be a mistake. Moi-e exact 
information regarding this point is given when speaking of nitrification. 

' h'xitt. Statu, Jxa'ot'd 1 \. p- 
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Table V. 


Fallow land—arnmnuicd. Proportions of ojoygen ami carbon diojide. 



1907 

19] 1 

1911 

1911 

1908 

Depth 

: April 24th to 

June 7th to 

June 27th to 

July 12th to 

i Jaiiy. 

gth 


May 8th, 

1 15th. 

291 h. 

15th. 

' to nth. 

Inches 

0 

r^O, 

^ 0 CO, 

, 

0 co„ 

r>.' 0/ ‘ 

t 

CO, 

0 

COj 



4 

; /O 

.'O /O 

' 

. n 

/O 



r—iv 

17-2 

2‘9 


... : ... 





6'^- 9" 

10 2 

rr9 








IS-G 



12*7 12-0 



i7*.5 

4*3 

ro"- r.r 

r6"-rr 

iy-2'O" 

17-4 

8 ‘a 

9 -8 3 !< 

9*2 6-9 

la-o 

4-4 

18*5 

6-4 

2^0"-2'3" 

17*7 

i-o 

14 ti 1*9 


9*8 

3*4 



2T-2'6^ 

2 '6"- 2 '9’ 










2'9^-:rir 

17*6 

5 9 


9-7 d*0 



17*6 

0*9 

S'r-3'6" 

13*8 

7-0 

8*9 1-4 


7i; 

5*4 

... 


3'9"-r0" 

17*8 

3-1 



... 




V {)’—{' A" 

4 a" — \'rr' 



Utt 2*7 

... i ... j 

; i 

n*y 

41 

13*3 

7*0 

4':r— 5'n" 1 

13-4 

s's : 


I 1 

I 


... 


.V9"— G'O' 



i2'7 c-1 : 

; ... ' 


I 


... 

G'O"— tV3" 

; \5*5 

8-2 

. ■•* ... , 

1 

... 

i 




; After 

lonK 

i 

1 

After 6 -rC of 

After 5 -3" of 

After 6*5''' of 

1 



period of 

rainfall in 

rain in 2 

rain 

in 2 




dry 

wca. 

pr ccedhi" 

week 3. 

week?. 




ther. 


weekwhich 
wasabsorb- 
e d b Y 






j 


1 

upper 2ft. 
of aoil. 
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Proportions of Oxygen and Carbon Dioxide in Manured Land. 

A few samples of soil from laud wliicli had boon manured with ‘20 tons 
of farm manure per acre were examined in 1907. and tlic percenlage of 
oxygen and carbon dioxide found in the gases are set out in Table VI. The 
manure was applied on October 2nd and the sairij^le.s were taken between 
October 0th and 8th and between December 2Ist and 2tt h. t hat is about 4 
days and 11 weeks subse({uent]y. There was some increase in the percentage 
of carbon dioxide, though tlie ajuonnt found eleven weeks after applying 
the manure was not very large. The numbei- of tests was liowever small. 

More striking is the fact that the gas of the soil some feet deep is as rich 
in carbon dioxide as the stratum of soil into which the inanure was mixed. 
No doubt more carbon dioxide is formed in the latter, but being near to the 
surface it is enabled to pass teadilv into the outside atmosphere by diffusion 
and its concentratir)n is therebv maintained at a low ligure. 


Table VI. 

CoHiposilion of gtifi in fdlow land after an am)Uea(ion (f 20 ioH-< fa^rfugard 
)nannre. Applied Oclober '2nd. 1907, 


Decth. 

j iiio: 

October 6tU to Stli. 

loo: 

Ueceiiiber 2I*t 

to 2Iih. 

Cm. 

Inches 

0 

i ^0 

! 

CO., 

0 

CO., 

22-8—30 5 

0"— 12’' ^ 

ll'3s 

mts 

1U7 

()*8 

63-4- GIO 

1 



lur 

ri 

s;^S_yi-5 

2'&"— S'o" 1 

J3-20 

5110 

13 0 

lO-O 

122*0— 120 t; 

nr—i'r \ 



I7-S 

4*;] 


The Composition of the Gas in GREEN-:nANiTRED Land. 

Tables VII and VIII contain examples of the composition of the gases 
found in fallow land shortly after green-manuring. Thoa(‘ in Table VH 
were obtained from single borings, eacli of whioli had a volume of Odol 
c.dm. of soil. Moreover, the weight of green manure ploughed in was not 
known. The Siunplcs referred to in Table VI II are the re.sult of a. more 
carefully controlled experimeur and tln^ gas was more completely analvsed. 
In this case the green crop — san \mn]}- {C rot alar ia juncea) was taken from 
an area of 4 sq. yds., cut up rapidly in a chaff cutter, then distributed as 
uniformly as possible over the surface of tlie plot from which it was cut, and 
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dug in. For the gas analysis^ six borings aggregating 0‘92G c.dni. of soi), 
were taken for each sample, 3, 0, and 9 days respectively after digging in 
the green plant, which naturally provides a more reliable index of the 
general composition of the soil gases as a whole than would single specimens. 

Table VI 1. 


Fallow hind after greeii-iiLanare. Proportions oj oxijyen and carbon dioxide. 



Sun liciijp ploughe^l in 1 

Dhiiincha ploughed in 

Uepth- 

Julylith. 

August 5th. 


Analyses made July 

Analyses made August 


mh to 24th. 

1 8th and 14th. 


Cm. 

IllcllOS 

0 

% 

co„ 

0 

% 

CO., 

% 

15*3— 22'S 

6"— 9" 

10-9 

U 1 

10-6 

lS-4 

22-8—3' -5 

9"— 12'^ 

11 '9 

6-3 

10-1 

8-0 

30-.5-38-1 

I'O'— r.r 

10-1 

6-8 


... 

IJIO— 68- 6 i 

2' (r'— 2';r 

12-5 

3-0 



91 5—92- L ' 

3' ' :r3" 

12-0 

4-0 


... 

122.0—129.6 : 

4'0’'— r'A’ 

10-0 

5-4 

; 

... 


Table VIII. 

Composition of gas from green'inanured land. Dag in September Wth, 1914. 


Date 

110-11. 

17-9-14. i 

20-9-14. 

Depth cui. 

,, inches ... 

... i r-ij-io-j 

.. i 3^—6^ 

7-6— 15-3 

3'— 6' 

>t>-1.5-3 

:r— 6'' 

Volume of gas per c.dm. of soil. 

c.f'. 

214-7 

c.c, 

107-1 

e.e* 

1-09*5 


Ler cent. 

p{ r cent. 

Per cent. 

Nitrogen 

78-42 

82*70 

76*43 

Oxygen 

7-48 

8*81 

6 *8. '7 

Carbon dioxide 


7-25 

J5-71) 

Hydrogen 

.. : Ml 

•21 

Ml 

Methane 

Ml 

Ml 

Mil 

Argon 

1-043 

1-03-2 

0-93.5 

X 

“a 

75 

HU 

81*6 

0 

_ 

7-1 


7-2 

Rainfall notes 

.... O-lo" rain on 
p r e V i 0 u a 
^ e/ening. 

0-03'' on 14th 1 
Hinl 1-31"! 

vain on oTCn- 
i rig of I6th, 

No further 
rainfall. 



J. W. LEATHER 


Hi 

It will be seen that the volume of gus obtained on the three dates varies 
considerably, a variation which is associated with the rainfall. Before Sep- 
tember Hth there had been practically dry weather for 10 days. On th<.' 
evening of IGth September 1 * 3 1 in. of rain fell and its effect by the following 
morning was to reduce the amount of gas from 211 c.c, to 107 c.c. per c.dm. 
in the surface soil tcmpoiavily. No moie rairi fell before 20th September 
with the natural result that a considei'able increase of gas was found on the 
latter date. It would be uureasoiiable to conclude from a single experimem 
that the rainfall of the IGtIi caused a decrease iji the amount of carbon dioxide 
such as the ligures indicate. It is, however, evident from the pre.sencc of 
hydrogen gas after the somewhat heavy rain rd’ IGth that other chan[ie.s set 
111 temporarily. 

Regarding the nitrogen, it has been thought [)rubable that this element 
is frequently set free from its combined state in iiianures by bacterial agency. 
Hie subject is referred to for instance by RusselB who deduces a consider- 
able annual loss from land at Rothanisted on which large, amounts nf farm 
manure had been annually applied for 10 vears. 

An estimate of the amount of nigaiiic nitrogen which the green manure 
contained was made from the weight and analysis of the plant growing on the 
next neighbouring ground, and wliich came to 0‘USbG grm. N pevsq. dm. of 
surface. The object in view had been to compare this witli any excess of 
nitrogen which the analysis of the soil ga.ses might indicate, and hence fonii 
an estimate of what proportion (if any) of tlie nitrogen in the green manure 
had been set free in the elementary state. It is true that the analyses 
actually show an iucrea.se of nitrogen dming the period, the N : A ratios being 
75, 80, 81'5 re.spectively. But these difforonces lie within the experimental 
error (seepage 95), and tlie ap[)ar(‘nt increase must be referred to this cause. 

.Vs a matter of fact the iiirrogen in green manure is .small compared with 
the nitrogen gas commonly present iii the soil. Tims, in the experi- 
ment under referonee. the weight of green plant was about 8 tons per acre. 
The total nitrogen in it was eipial to O'OSSG gram per 1 sq, dm. oi 
surface. Assuming that tlic material is uniiormly distributed throughout tln‘ 
upper To dm. (G inche.s) of soil, the eomparison may be made between the 
volume of nitrogen gas present in the soil and the nitrogen (combined) of the 
green manure. The former was (on Se))! ember Hth and assuming that the 
first 3 inches of soil contaijied the same amount of gas as the second 3 inches) 
255 c.c. whilst the latter is equal to 71 c.c. N per 15 t*. dm. of soil. Thus 

' ]■:. J. Soil con'iiiioN^ and ploH 'jrvudh, j.. 
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supposing one-tenth part of the nitrogen of the green manure were liberated 
as gas, it would not alter the ratio sufficiently to admit of its detection, 
unless the experimental error were reduced considerably below what I have 
commonly found. 

An experiment was made in a closed vessel of knovm volume, in which 
100 grill, air-dry soil 1‘0 grm. green leaf of Poinciana regia (gulmohr) + 
about 19 grm. water were allowed to stand for 15 days at room temperature 
(about 30"C) ; the gas was then pumped out and analysed. The following are 


the data : — 

100 gnu. air-dry soil (l)=2‘7l) . . . . 36*9 c.c. 

]9‘2 grm. water . , . . . . 19*2 „ 

1 grm. leaf . . . . . . TO ,, 

Damp air at 29 C . . . . . . 1656*3 .. 


Volume of flask 

1656*3 c.c. damp air at 29^C equals 1429*1 c.c. dry 

Initial 

N+A .. .. 1129-6 c.c. 

0 .. .. 299*1 ,, 

CO 2 .. .. 0*43 „ 


1429*1 


1713*4 
ail N.T.P. 

Final 

1134*1 c.c. 
187*68 
96*23 , 

1418*01 


The dififcrence betweej\ the volumes of N-|-A initially present and found 
when the gases were pumped out is 4-5 c.c. This may be due to one or both 
of two causes, (i) inaccuracy in the estimate of the original volume of air, 
and (ii) the evolution of N. gas from the organic matter. As to the first it 
is derived from the difference : — 


Volume of flask — (volume of soil + volume of green leaf -[-volume of water) 
each of which is known with considerable accuracy. But it liad to be assumed 
that the air in the flask was fully saturated with moisture wffien the flask was 
closed. If the relative humidity had been 90 % instead of 100 % as assumed, 
tbeii the volume of N-fA in the enclosed air would have been 1134*0 c.c. It 
is not likely that the humidity >vas actually so low as 90 %, but it is well 
known that to fully saturate a gas in a flask of T5 litre capacity without 
agitation requires some little time, and consequently that a part, at least, 
of the difference between the estimated initial N-TA and that measured at 
the conclusion of the experiment was due to this source of erroi-. 

It is therefore to be concluded that either no nitrogen was liberated in 
the elementary state, or that its volume was small. 
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The Gases of Swamp Kick Land. * 

The conditions under which “ wet ” padd\' grows is a theme which Han ison 
and Subramania Aiyer have dealt w ith at some length^ and the invesi igation 
is still in progress. In the first of these contributions it was pointed out that the 
nitrogen in the evolved ga>ses must be derived from one or all of three sources : 
(fl) the gases present in the soil at the time when the land is submerged for paddv 
cultivation and w^hich therefore is in part imprisoned, {h) the at niosph eric- 
nitrogen w'hich is dissolved in the irrigation water, (r) the organic nitrogenous 
substance of the soil and green manure. Measurements of the amount of 
nitrogen evolved from ]dots showed that this was very considerably greater 
from manured than from un-maiuired land, and this result w^as substantiated by 
pot -cultures. The inference was therefore made that a part at least of the 
gaseous nitrogen was derived from the green mamire. Direct evidence w'as 
nevertheless very desirable and Mr. Harrison sent me samples of these gases 
in 1911 in order to determine the X : A ratio. 'Hie analyses are set out iu 
Table IX. 


Table TX. 


Compo s if io i i of gas ft'oin smnnp rice Ja ml. 



A. 

B. 

C. 

Nitrogen 

84-2.-J 

80-00 

S5-91 

Oxygen 

0-32 

0-31 

0'99 

Carbon dioxitlc 


4 '23 

4*09 

Hydrogen ... 

8-81 

3*91 

4 '53 

Methane 

1*37 

4*00 

3-00 

Argon 

o-gir. 

0*885 

1 0*879 

N 



; 

A 


98 

I 97 


A glance at the N : A ratios sliows that these are so high that 
there is no doubt at all that nitrogen lias been liberated. Under the conditions 
of the cultivation of this crop atmospheric air is very largely excluded, and the 
argon present is necessarily largely obtained from the gases dissolved in the 
irrigation water. The ratio N : A dissolved in water wdien freely exposed 
to the air is 33-8 at 30 "C, and if no nitrogen were obtained from other 
sources, these two elements w’ould be present in the paddy land gases in 
a proportion not widely different from this. If, for example, one volume 
of water saturated wnth air were shaken wdth an ei^iial volume of gas 
containing neither nitrogen nor argon, the N, A ratio in the gas phase would 
become 33*5 ; if the one volume of water w^ere shaken with one-tenth its 
i Mem., Dept, AgrL M, Chem. Series, Vol. Ill, No. 3, & VoL IV, No. 1. 
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Volume o[ otlior gas,*tlic N/A ratio would be 30 (assnuied temperature-- 30^0.) 
'I'liere can therefore be no doubt that a liigli proportion of the nitrogen found 
in these gases is derived from the soil and manure. 

The Gases Present in the Neighbourhood of the Roots of Crops. 

A number of samples of gas from the neighbourhood of crop-roots have 
been examined. It may be mentioned that tlie original object in view was to 
try to ascertain wliethcr the nssiinilation of elementary nitrogen by a papiliona' 
ceous crop could be detected by tlie aid of the N : A ratio, although it had to 
be realized at the outset that tlio amount of nitrogen thus disappearing from 
the soil gases Avas probably too small to admit of its detection. Apart from 
this, the examination of these ga.ses is of considerable interest in other respects, 
for the amounts of oxygen are unexpectedly .small, those of carbon dioxide 
very large, and the pres mice of liydrogen had not been suspected. 

Referring to the amount of nitrogen assimilated by a papilionaceous crop, 
the following is an estimate showing the relation between the combined nitrogen 
in the crop and the gaseous nitrogen in the soil respectively. Employing 
san hemp as an example, the amount of nitrogen found in several samples 
in July 1914 varied from 50 to 70 ]h. per acre. Assuming GO lb. as an 
average quantity, this is equivalent to 0 0G72 gram per sq. dm. of soil 
surface. It is by no means the case that all the nitrogen of these crops is 
usually assimilated from the elementary state,' and it is moreover still 
quite uncertain whether the assimilation takes place through the roots or 
through the above-ground parts of the plant, though most authorities favour 
the former view. But assuming merely for the purposes of the present cal- 
culation that the whole of the nitrogen of the crop is assimilated through the 
root system and that it is obtained entirely from the gaseous nitrogen of the 
upper tuo feet of soil, the comparison becomes between the quantity 0'0672 
gram nitrogen in tlie crop and the elementary nitrogen which is in say the upper 
two feet or G-l decimetre of soil The data contained in Table X indicate 
that 1 c.dm. of the Pusa soil usually includes during the monsoon say O' 150 
to 0-200 c. dm. of gas containing say 80% nitrogen. Tlie temperature may 
be assumed to be about 30'C. Thus in the upper two feet, or 6*1 decimetre 
of soil there may be expected to be at least some 0’732 c. dm. nitrogen in 6-1 
c. dm. of soil. This quantity of nitrogen would weigh 0'82l grm. We 
ha've then the relation 0'821 1 0‘06i2 and it becomes apparent that even on 
the excessive assumption employed, the amount of nitrogen assimilated would 

' Lawes k Gilbort, .7. R . A . S . Srd Series, Vol. II, p, COO. 
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be only small in coftiparison to the whole gas present. When further it is 
recollected that tlie nitrogen of the crop is assimilated in part as combined 
nitrogcin that the portion assimilated is taken up gradually during several 
months, that any redaction in the nitrogen partial-pressure would be 
constantly rectified by the agency of diffusion from the atmosphere, 
it becomes certain that the actual effect of nitrogen assimilation by 
these crops on the N ; A ratio will be so small as to demand for its 
detection a much higher degree of accuracy than I have been able to 
attain with small volumes of gas. if indeed it could be detected in this 
manner at all. 

After finding the fre(piontly low proportions of oxygen and high propor- 
tions of carbon dioxide, in the earlier samples, it was thought possible that 
livdrogen or methane might be present, and the result of the examination 
for these gases showed that although no methane or other hydrocarbon was 
met with, livdiogen is a common constituent. Tlie quantities arc small, but 
are nevertheless quite defiJiite. This gas was found in the neighbourhood 
of the roots of all the three crops, sau hemp, indigo and maize. The com- 
position of these gases possesses perhaps the most interest of any. We are 
unfortunately very ignorant at the present day of the nature of the lower 
organisms wlvieh accompany the development nf higher plants, hut the idea 
of certain specific associations hertveen higher plants and soil organisms natu- 
rally presents itself as probable. It may be assumed as highly improbable 
that hydrogen is liberated by the higher plant, and indee<l it is doubtful whether 
such experimental evidence as exists is sufficient to prove tliat carbon dioxide 
is thus produced. So far as I am aware, the proof of the ])roduction of carbon 
dioxide by the roots of crops rests on experiments made in the presence of 
other lowTr forms of |)lant-life and which latter are known to he a source of 
carbon dioxide. 

Nitrification. 

In a memoir of this series dealing w’ith some records of drainage, three 
circumstances among others in respect of soil nitrates were i evened to, 
namely : (t) the difference betweeti the amounts of nitrate, obtained from 
the drain-gauges of cropped and fallow soil respectively, was much greater 
than could be accounted for by simple crop assimilation' ; (n) energetic nitri- 
fication occurred in fallow soil immediately after tlie first heavy rain of the 
monsoon- ; {Hi) the amount of nitrate then formed is so great, that the 

' .1/ctt., Dejii. A(jri. Ind., Chem. Vol. 11, No. 2, p. 94. 

2 Ibid., p. ION 
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equivalent ainoiuit of oxygon is nenj-ly equal to n\n\ in .souir cases Las exceeded 
that wliich would be present in tlie soil in the gaseous slated alteinativelv 
as oxygen and carbon dioxide, since the latter gas is closely associated wiili 
nitrification. 

Principally in order to try to gain a knowledge of the profoitions ol 
oxygen and carbon dioxide gases whicli are present during a period of inlein 
sive nitritication. some special tests were made in June 191 k whhh will be 
referred to presently. Incidentally, lioweyer, some furtlier infoimatio]! was 
itained rotrarding tlie other two pfhnts and this may be suitably referred to 
liere. 

Nilrificadon is c.^peciallj/ <><dvc in foUov' .■^oil (urineduftei^j <fficr thr Jifsi 
hmy monsoon minfaU.—-'\'\\\^ has proyed rrj be uniformly the case, as xh- 
figures in the subjoined table show 


I'able XI 


Pounds (avoir.) of mfric-nitrogen per acre x iJcoi, (r p.dlGU' land. 


Dei’TH 

191ii 

laii 

19 U 



yv)i 


IVh 

■oil 


b'lb 

;! th 

! -Ihh 

Cm. 

Indies 

May 


.1 1 1 ! U.> 

>Liy 


.Liiio 


: .l»ir 

1 



Ih. 

:: 

lb. 



lb. 

lb. 

= lb. 

0-ir,-2 : 

a - 6" 

lyu 

rt 


0:17 


IU‘7 

9 iS 


\ 



r- 






1 ' ! 

i5'2-sn-:> 1 

cn~iT 

0‘Gt3 


IS'.'U 

irs 


i 1S'P.*> 

ii-Tl 

?' 1 -Jil-Cii 










! - ; 


Painfall 1910 : principally O TS" on June 1st. 

2‘15'' on June loth. 

0‘29" on June iCtli. 

O'Ol" on June 17th, 

Do. 1911 ; principally 0'25'' on June 5th. 

0- ^O" on June Gth. 

2-31" on June 8th. 

Do. 1914 : principally 1'32‘' on June 9th. 

1- 71" on June 17th. 

Effect of a crop on nitHfralion . — The eyidence on this subject which was 
offered in the memoir on drainage consisted in a comparison between the 


Men., Depi. Agn. /jk/., C hr 711. Sen'e^t, Vcl. II, Xo. 2 , p. ll<>. 
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amoimts of lutric-iiitvogeii found in the drainage waters from fallow-soil 
and cropped-soil respectively. Some further evidence was met with in 1914. 
Wheat had heen cultivated during the cold-weather of 10K4-14 on one half 
of a plot of land (the wliole of wliich had been ’’ green-manured with 
san hemp in 1913) and had been harvested early in April, after which this 
portion of the land was also well cultivated with the hoe ; that is to say, one 
half the plot had been green- manured and then left fallow for nine months, 
whilst the other half had been green -manured, had borne a crop of wheat, 
and had then been fallow for two moiiths. Determinations of the nitrate in 
the soil were made before and after the first heavy monsoon rain, when it 
was found that where the wheat crop had grown, hardly any nitrification 
had occurred, as the following Table XII .shows ; 


T.vrt.e XTT 

Pouii/h {avoif\) of mfric-nifrogc/i per <a:/r x I fool, offer fallow and wheal 
respeefivehf. 


Depth 

After fallow 


After wheat 

Cm. Inches 

30th 

Rainfall 

24th 

SOih 


j Rainfall 

24th 

JMay 

inches 

June 

May 


inches 

June 


Ib 


lb. 

lb. 


; 

lb. 

0-152 ; 0"- 6' 

9 ‘48 

4-21 

,3‘44 

1-32 


4 21 

4-91 

15"2-30-o : 6 -12'' 

0-71 


22 ‘20 

0-42 



1'97 


In the Memoir on Drainage (p. 97) the conclusion was drawn that the 
deficiency of nitrate in the draijiage water after crops (wheat and maize) 
was, of three possible causes, most probably due to an elfect of the higher 
plant on soil organisms. The experiment of 1914 now quoted also supports 
this yiew. It is true it miglit properly be suggested that the wheat crop 
had drawn on the store of readily nitrifiable matter in the soil to such an 
extent as to Icayc but little for immediate nitrification ; but against this 
being the probably correct explanation is tlie fact that the Pusa soil yields 
comparatively large amounts of nitrate annually when fallow and without 
the aid of any manurial substance, i.c., the amount of nitrate formed in 
the Pusa soil is large when no manure has been used. For example, the 
amount of nitrate formed in June 1914 after green-manuring is not very 
different from the amounts formed in 1910 and 1911 after the simple fallow 
(See Table XI). 
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The comj^osiiion of ihe soil-gases daring rii{rification- -ln 1914: the gases 
contained in the soil, ‘‘after fallow,” referred to in Table XTL both before 
and after the first heavy rain of the rnousooii. were extracted, measured and 
analysed. It was anticipated that an abiiiidaiit nitrification would occur, 
which anticipation was realized. The amount of nitrate quoted is the mean of 
four samples in each case. For the gas analyses four specimens of the first 
three inches of soil were examined at the end of May, and two specimens 
were examined for each of the other depths. The moan of these analyses 
are quoted in the .subjoined Table XIII : — 

Table XIII. 


The composition of the gas in fallow land before a7id after nitrificatio?}. 


Date 

Depth 

Nilroucii 

,b 

Oxygen 

Carbon 

dioxide 

% 

Argon 

°/ 

Ratio 

Cm. 

Inchis 

() 

A 

A 

May 30th . 

0— 7 0 

u"— 3“ 

78 

20-44 

('>■12 

0-988 

20*0 

79 

June \?t 

7-6-l,V2 

r-G" 

78-44 

20-30 

0 2o 

1-007 

20-2 

78 

June *2nc! 

.. 16-2-22-8 


7r'u8 

20 29 

1 g:» 

0-970 

20-S 

79 

June 3r<l . 

.. 22'S— 30’5 

9^-12 

78-21 

20 -.IG 

,>•29 

O'! >37 

22-0 

84 


Rainfall — 4*21". 




O' 

1 

1 o'-B" : 

78-43 

194)4 i 

0-97 

0-9.54 ; 

20-5 , 

."2 

June 19fh 


7'0-l,V-2 

.3"~0“ ■ 

7S'8.5 

19-07 ; 

0 -.56 . 

r*92B ; 

21-4 

8.5 

and 20tli 


1.V2— 22-8 

0" — 9" 

79-10 

18'99 ; 

0-94 

0*967 ' 

19-7 ; 

S2 



1 22-8— BO-,^ 

9"— 12 ' i 

78*95 

is-r. j 

l'B2 

0 97S 

19‘2 j 

81 


Note. — R riinfall indmloa principally nn .Tunc 9th. 0*75^ on June lltli, and 

I'Tl" on June 17th, 


These figures were not what I had anticipated. The amount of nitrate 
which had formed so quickly demanded a considerable consumption of 
oxygen — directly or indirectly — whilst actually the effect on the proportion of 
this constituent is only nominal. Any reduction in the proportion of oxygen 
would naturally set up diffusion of this gas from the atmosphere, but this 
process has been usually looked upon as only a very slow one. It was evident 
at least that measurements in the field did not add much to our knowledge 
of the quantities of either oxygen or of carbon dioxide which are involved 
under the circumstances, 
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Recourse was theu had to lueasureiuonts of the gases in contact with 
soils contained in closed vessels. Two series of such measurements were 
made, («’) in vessels not much larger than sufficient to contain the soil, and (ii) 
in much larger vessels. The volume of air included in the former was 
somewhat (about one-third) greater than would be present in the natural soil ; 
whilst in the latter series it was about seven times as great. In each case the 
slightly damped soil was packed carefully into the vessel so as to occupy 
approximately the volume it would do in the rickb and a dilute solution (0T57 
gram (NUjoSOj per 100 c.c. of ammonium sulphate was then gradually 
added dro by drop ; this solution rapidly distributed itself throughout the 
soil. The vessel was closed with a paraffined cork and had also a tapped 
exit tube. These vessels were quite gastight under the conditions of the 
expe';-irnent. They were then incubated at 30 C. for about three weeks. 
Other portions of the same soils tested weekly in order toasceitainthe rate of 
nitrification indicated throe weeks as a suitable period to allow. When 
pumping the gases out of the vessels, the cork stoppers were submerged 
in water. 

Respecting the estimation of the initial volume of air which was enclosed, 
this w’as derived from ({) the known volume of the vessel and its exit tube, (u) 
the volume of the soil derived from its weight and specific gravity, (m) the 
known volume of water added, (iv) the tempei ature of the air. The data are 
collected in the two following Tables XIX and XV. An examination of these 
two sets of data shows very clearly what occurred under the two different 
conditions. Where the total volume of air was only slightly more than what is 
actually present in the soil, substantially all the oxygen disappeared and' a 
large amount of carbon dioxide was produced The two volumes of these gases 
are by no means identical ; in No. I that of carbon dioxide is considerably 
less than the oxygen which disappeared, in No. II they are approximately 
equal, in No. Ill the carbon dioxide is much in excess of the oxygcii. At the 
same time all, or practically all, the nitrate which the soil originally contained 
disappeared. In the second scries, where the volume of air was very much 
greater, there was again an almost complete utilization of oxygon, accompanied 
by the formation of a large quantity of carbon dioxide, the volume of the latter 
being however very much smaller than the oxygen which disappeared. At 
the same time a considerable amount of nitrate formed, this being in two 
cases more than 40 parts nitrogen per million parts of soil, which is higher than 
is commonly found in the field even under good conditions. The total volume 
of oxygen in the carbon dioxide and the nitrate is considerably less th^ that 
of oxygen which disappeared. 
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Table XIV, 


The changes in the qmntilles of gases in contact with damp soil 
[small vessels). 



1 1 

11 

Ill 

Dateo[ corameDcemciit 

28.1-15 

; 29 1-15 

3-2-15 

Do. tonninatioii 

1 22-2-15 

1 17.2.15 

22-2-1.5 

Soil grm. 

1 r9 

; 8u 

I'-O 

Water ,, 

12 

11-G 

i 

Air moist 

lo'2 C.C. 

: I'lic.c. 

■ .50’95 C.C. 

Air, N. T. P. dry 

40-95 ('.c. 

1 30-0 C.C. 

1 51-59 C.C. 

1 


1 .11 >a Fiiinl 

Final 

i no Hi Final 


% / J 

% )o 

8o A 

N 4 A 

' 79-07 f'h'iu 


1 

73-92 

U 

0-75 

LIlS 

L’-iiO 

('0., 

ISOS 

19-14 

24-OS 


i 100*00 100*00 

100 O'j 

100 00 


AO'lumos 

Vulnmcs 

Volumes 


r.L:. C.C. 



..c. l' C.C. 

N + A 

32-;)8 34*20 

28-94 31’:<7 

4(3-79 14 *82 

0 

S'67 0-14 

7-00 0-05 

10*80 1-21 

a> 

■ 5 50 

7-44 

1400 


i0*y5 i :?9'99 

. O-OU ' 

5l-o9 1 GU-(j3 


m. grm. in. grm. | m cnn. i lu. pnn. 


{)’[)<; 11 / r' ii’yr> ."'V 0',’6 


Nitric*nitrogcu 


0MM5 
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Table XV i 


The changes in the quanlUies of gases in contact with damp soil {large vessels). 



1 


11 

Ill 

IV 

Commenced 

4-;m5 

8-3-16 

10-3-15 

14-6-15 

Terminated 

30-3-15 

30-3-16 

31-3-15 

2-6-15 

Hoil, grm. 

m 

100 

100 

100 

Water, grm. 

15 

.1 

14 

1 

14-5 

13-8 

Air 

257 

■d c.c. 

255 

0 c.c. 

241*3 c.c, 

328-S c.c. 

Equivalent to c.c. at 
N. T. P. 

2*29'9 c.c. 

223-94 c.c. 

211-19 c.c. 

277-3 c.c. 


Initial 

fO 

Final 

h 

Initial 

Final 

0/ 

/o 

Initial 

% 

Final 

% 

Initial 

Of 

/O 

Final 

0/ 

/o 

+ A 

79‘07 

87-00 


SG'«8 


85*87 


86-37 

0 

20-93 

0-41 


O-OG 


0-06 


2-50 

o' 

... 

12-59 


13-26 


11 -OS 


12-13 


100-00 

100-00 


100-00 


100-00 


100-00 


Volumes 

Volumes 

Volumes 

Volumes 


c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

c.c. 

N+A ... 

i 181'8 

181-U 

177-00 

181-09 

169-30 

1G7-79 

219-20 

222-65 

0 

; 18-1 

0-85 

4H-87 

0-12 

14*83 

010 

68-04 

6-,52 

co; ... 

- 

20-21 

0-07 

27-70 

006 

27-51 

0-08 

31-63 


229-9 

208-20 

-223-94 

208-91 

214-19 

195-10 

277-32 

26) -80 


! m. grm. 

M. grm. 

m. grm. 

m. grm. 

in. grm. 

m, grm. 

m. grm. 

m. grm. 

>’itric Nitrogen ini- 
tial ... 

1-24 

2 79 

0-19 

1-86 

0-67 

4-77 

0-17 

4-05 

Freshly formed ... 


r65 


4 67 


4-10 


3-88 

Ek^ual to 0 


5-3 


16-0 


14-1 


13-3 

Equivalent Vol. 


3-7 c,c. 


11-2 c.c. 

1 

9’8 c.c. 


9-3 c.c. 
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Regarding the nitrogen, denitrification and liberation of nitrogen gas 
may have occurred in the first series, but the figures cannot properly be 
employed as a proof of this because the volumes of nitrogen gas, equivalent 
to the nitrate which disappeared, (namely O TT. 0*77. 0‘17 c.c. respectively) 
are considerably smaller than the increased volumes of nitrogen argon. 
There is necessarily some error in computing the initial volume of air in the 
vessel, and to this must in part be referjed the apparent increase of nitrogen 
gas. 

These measurements of the oxygen and carboii dioxide iiot only i Illustrate 
the large amounts of tliese two gase.s wliieli are involved, but also, when con- 
sidered in conjunction with the composition of soil gases during a period of 
active nitrification in the field. (Table Xlll) demonstrate the fact that diffusion 
of gases through soils is at least so rapid that the proportion of oxygeii is 
maintained nearly equal to that in tlie atmosphere, whilst conversely that 
carbon dioxide is maintained quite low. Regarding the very small propor- 
tion of oxygen which was finally present in tlio second .series of laboratory 
experiments, it would naturally bo a mistake to conclude that the nitrate was 
formed principally suh.soquent to the formation of the carbon dioxide ; it may 
have formed whilst there was still much oxvgen present At the same time, 
whilst it is well established that the presence of oxygen gas is )UTessary to the 
process of nitrification, exaggerated ideas frequently prevail on this matter. 
Schloesing and IMiinz found that nitrification occurred when tlie superincum- 
bent gas cojitained onlv T5 per cent. Moreover it is well established that 
the presence of free carbon dioxide, as well as a suitable base, is as es.'^enlial 
as oxygen to this process.^ 

Diffu.sion of gases through soil.^. 

The foregoing paragraphs provide information in respect of the com- 
position of the gaseous mixture ])reseiit in the soil at the particular time 
when the samples were taken, but do not indicate the amount of gaseous 
interchange which must be constantly in projiress tlirough the agency 
of diffusion between the .soil and the atmospliere. For it will he readily 
appreciated that, for example, wliere Die soil gas contains a higher percentage 
of carbon dioxide than is present in the air. this gas will tend to pass out- 
wards ; or if oxygen gas is being consumed in the soil, its proportion in the 
soil gas will be reduced below tliat in the atmosphere, and more oxygen will 
pass into the soil. Again, the rosidt of those two processes may be to alter 

1 Laiar. liandb. d iahni-'^dic Mykvh-jif, pp* 1'^* 
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the percentage of uitrogen ; the decrease ol oxygen may exceed the increase 
of gaseous carbon dioxide, and in such a case niti'ogon would diffuse outwards. 
The same would apply to the argon. 

It is usual to attribute the value of ploughing or liarrowing the surface 
soil largely to the exposure of this soil stratum to the air ; and when a 
green manure is dug or ploughed into the surface soil, the latter is left as 
loose as possible for the ready admission of atmospheric oxygen and the 
equally free escape of the carbon dioxide produced. Such a mental picture 
of the case is naturally readily assimilated, and questions regarding the soil 
6 or 8 inches below the surface, and uhich Ls commonly never disturbed, do 
not necessaiily trouble the agiicultuiist. As a matter of fact he kno^YS that 
good cultivation of the surface soil is productive of good crops, and if he is told 
that the chief explanation for the advantage lies in the necessity for allowing 
atmospheric oxygen to enter or carbon dioxide to leave the soil, he 
naturally accepts it; the acceptance costs nothing and docs not in any way 
alicct his appreciation of good cultivation, v liich is based on outturn of crops. 
But the tests made in relation to uitriheatiou brought the question of 
diffusion of soil gases vei'v particularly into prominence, because these demom 
strated that the process was at least so rapid that large amounts of oxygen 
from the atmosphere must ha\-e passed not only into the cultivated upper 
•soil hut also into the undisturbed soil below, and that the carbon dioxide 
produced escaped with equal facility. 

Direct experimental evidence as to the rate of ditiusion of gases through 
soils is apjjarcntly limited to that provided by K. Buckingham^ who concluded 
that the quantity of gas dift'u'^ing depended inlei'o.llaoii the soil “ interspace'* 
or poic-.space " occupied by gases, that is, in fact on that fraction of the 
total soil volume which is not occupied by either soil material or water; and 
he deduced the formula : 

D = K S'zy (i). 

in which D - the mass of gas diffusing in unit time through unit cross- 
section of .soil. 

K = the coefficient of diffusion for the particular gas. 

S = the porosity of the soil.- 

A = the difference of partial pressure of the gas on the two 
surfaces. (iSee ii below). 


1 E. Buckingham, Contribution to o\i!' km)^\]o<■lgo of the arralioii of .soils. U. S. iJc/jL 
A^rk. Bfircntiof /iulf. 26(10^4). 
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Thus the free dilfasion which would occiii’ between the gases if no soil 
were present, is controlled or reduced by the soil material and water. The 
whole volume of the soil is expressed as imity, and Buckingham gives the 
name “porosity*' to that fraction of the whole volume of soil which is 
occupied by gas, a term which will be here adhered to. 

The determination of the rate of diffusion of gases through soils is accom- 
panied by more than usual difficulties and there is admittedly a want of good 
agreement among Buckingham's expeii mental data. Moreover the soils 
employed w'ere filed into the apparatus and artificially packed ; soils in their 
natural state w*ould have been preferable. But after giving everv weight 
to these points, one must conclude that Buckingham's experimental data 
arc not so far iemo\md from the truth as to be useless. The values which 
he obtainetl for the index (Equation 1) were in some cases approximatclv 
1, in others nearly as high as 3, but the majority of the values approach 2 so 
closely that it may safely be employed for approximations regarding diilu- 
sion through soils. !More than approximations aie not ]iossiblc for other 
reasons which wull be subsequently referred to. Again a.s touching Buckin;:- 
haiiVs experimental data, althougli lire soils wluv urtil'L-ially packed, the 
degree of packing as represented by the porosity was raiitc similar to that 
wiiich exists in nature. It is necessary whrn tunsirknim: tire reliability of 
these experimental data, to bear in mind that independent evidence of the 
reliability of the calculated quantity of a gas ditfusing into or out of the .soil 
is very dilfcult to obtain, and yet in tlie absence of such evidence, the result 
of any calculations of the quantities wmuld only carry w'eight if the piemise.s 
of the calculation were inconte.stably 8(;und, 

Buckingham's formula has been applied to ccitain of the previouslv 
quoted examples of soil gases, and the calculated cpiantities of gases diilusing 
per day can, in some of them. Ire compared with extraneous evidence. The 
quantities of gas so obtained liave been transposed to since, tliese 

will be more readily appreciated than if they were expies.'^ed in term.s <•! 
mass. 

Before considering the data, it is desirable to refer to the vaiiotis factors 
which in addition to the soil and its physical state control gaseous dili'usioii ; 
these arc as follows 

(t) The mass of gas diffusing naturally varies with both the cross-section 
and the length or thickness of the soil column as well as with the time period ; 
these can bo perfectly defined, and the units here adopted arc c. dm. of gas per 
i dm. per i sq. dm. per day. 
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{ii) The mass of a gas diffusing depends on the difference between 
the pressure exerted by this gas on the one and the other end of the soil- 
coluinii respectively. Tliis pressure is called the partial piessiue of 
this particular gas, when the total pressure of the gaseous mixture is equal 
on both sides of the soil-column. The total pressure in the ease of soil gases 
mav be assumed to be that of the atmosphere within very small limits. If 
the gaseous mixture contains say of a certain gas, that gas is ex ei ting 
, part of the total pressure, and its partial pressure may be defined either 
as 1% or 0‘01, or O'lG cm. of mercury, according as the total pressure is defined 
as 100, or 1, or 76 cm. of mercury. For our purposes the total pressure is 
defined as 100. Thus if the soil gas at 1 dm. depth contained T00% COo ajid the 
atmosphere CO u1 a ined O' 03%. the difference (A) would he 1. and the (quantity 
of carbon dioxide passing out of the soil would be the part as much os 
would pass out if the gas in the soil were pure (/.c., 100%.,) (X% and if the air 
contained none. This partial pressure difference is sometimes referred to as 
the gradient. Otlier things being equal, the (|uautity of a gas diffusing 
depends directly on this gradient. The unit adc-])ted here is a gradient of 1% 
per 1 dm. 

(Hi) The quantity of gas diffusing depends finally on the temperatnro ; 
it is facilitated by a rise of temperature, and otlier conditions lieing fixed, 
the quantity varies as (1 4 Mt)4 For present calculations a tcmjiei’atuir of 
30"C. has been adopted as being ap}m)xiniately representative of the conditions 
subsisting when the .sanqiles were taken. 

(4') The co-efficients of dilTiision used are multiples of those determined 
by Obermaycr^ fur the dilfusion of 0, COo, and H into air, and N into 0 
respectively in order to agree with units here adopted. 

But whilst the foregoing conditions are perfectly defined, those occurring 
in the soil must be l egat'd ed as changing so ra pidly that it is cjuite impossible to 
define the latter very precisely. For example, consider the temperature. This 
will varv at \" from the surface in June from say 21 to U) (4 during the 24 
hours. The variations in tin? deeper soil arc less, until at 21" deep the diurnal 
variation is negligibly small'. The etfect of a temperature difference such as 
(hat near the surface would be to alter the rate of dilfusion by about 12%05 but 
siuce the tempei'ature change decreases with the depth it cannot be defined 
for any particular soil stratum. By employing the mean temperature-- 30%.? 
the error due to tempei'ature variation is leduced to mncli smaller dimensions 

' Wuikelniaiin. liundb. d. Plty^ik\ J, i)]). 14 — 21. 

2 J. W. Leather. Soil TemperalureH, 4/em, Ayr\c- Jiid. Chm. iVcw.s \ol. It, No. 2, 

p. 30. 
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than are other probable errors. Again the absorption of oxygen, or the pro- 
duction of carbon dioxide being due to bio-cheniical processes must be regarded 
as suffering constant change. The instances which will be here considered 
occurred generally between 3'" and 15" deep in the soil, be., where the diurnal 
temperature changes were coin])ai'ativel}" small, but moisture conditions were 
in some cases suffering rapid changes, and these may have affected the rate of 
absorption or production respectively. Finally changes in water-content also 
occasion changes in the porosity. The Jiett jesultof such varying conditions is 
to show that, although the examination of the soil gases yields certain defined 
values for the partial pressure differences, these are in actuality constantly 
changing from hour to hour or from day to day in no small degree. A series 
of diffusion waves are thus set up in both directions which it would be im- 
possible to define accurately. This is well illustrated by the examples to be 
quoted. Nevertlieless for purposes of calculation it has been assumed that 
a certain gradient existed for a sufficiently ioiig t ime to allow of the use of 
the foregoing e([iiation. 

The values of K are as follows 
= T9U3 

K(> - T892 / mass per S(p dm. per day through 1 dm. 

Kco, = ( when p.p. A = 1% and t = 30'‘(\ 

Kh = 0‘805 ^ 

A special remark applies to the carbon dioxide. It lias b'een e.xplained tliat a 
part of this conipoiind is present as calcium bicarbonate, and a part in the 
simple gaseous state. It is only the latter which is subject to the laws of 
diffusion. 

Turning ]iow to examples, tliat relating to the conditions of nitrification 
(Table XIll) may be first considered. In this case oxygen was passing into 
the soil in part to produce carbon dioxide and nitrate and in part for other 
reasons which we know practically nothing of. These facts are well known. ^ 
but the amount of oxygen (in excess of the and nitrate requirement) 
consumed by the riisa soil in my experiments (Table XJI) is very much 
greater than Deherain and Demousy found {Kns.seil unfortunately did not 
measure the volumes) and the supply of oxygen was not even then sufficient. 
During the period of nitrification in the field (June 19J f). carbon dioxide was 
produced, some of which would pass into the form of calcium bicarbonate in 
solution, whilst another portion would diffuse outwards into the atmosphere. 

1 Deh6raiii et Demousy. Agron., XXil (IIWU), p. 305. E. J. J. AgH. 

Sci., I (1005), 2GL 
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At tlie same time a larger volume of oxygen would tend to diffuse into the soil 
to meet the demand there created. There would, on account of these changes, 
be a tendency for the percentage of nitrogen to increase in the soil gas, so that 
its partial pressure would rise above that in the atmosphere, and thus cause 
nitrogen to diffuse outwards. The same would apply to the argon, but the 
quantities of this element taking part in the gaseous interchanges are too 
small to affect our principal conclusions and have been neglected from the 
calculated quantities. The analyses quoted in Table XIIT show also that the 
above description of the processes is correct ; the proportions of nitro- 
gen and carbon dioxide have risen whilst those of oxygen have fallen in all 
j)aits of the soil. The calculation shows tliat 
0-129 c. dm. of nitrogen 
0 01 7 c. dm. of carbon dioxide 
were diffusing out of the soil, whilst. 

0151 c. dm. of oxygen was diffusing into the soil per day, when the 
.samples were taken. 

The question then follows, how do these quantities eoiupaie with those 
involved in the laboratory expoiiments made in closed vessels ? Assuming 
that the production of carbon dioxide commenced principally after the 
heavy rain of dune 9th, and renuiiiied substantially constant, 0'17 c. dm. or 
170 0 . c. OOo per sq dm. passed out of the surface .soil during the iU days, and 
since we know that the nitrate was formed in the second G" of soil, and that 
a good deal of COo was formed in this stratum, the total amount must be dis- 
tributed throughout this depth. The depth is equivalent to approximate!} 
o dm., and the >veight of di'v soil in 3 c. dm. is about 1,000 grams. Thus the 
ipiantity of carbon dioxide formed in lU da} s in the soil is equivalcjit to YJ’ 
^ 1-2 c.c. per 100 gim. soil. It is also necessary to- refer to the carbon 
dioxide which was present a.s calcium bicarbonate. Although its amount, 
at any one time, exceeds that which is in the gaseous state, this solution is 
comparatively stationary in the soil, and calculation shows that its qiiantit}’ 
is so much less than that estimated to have diffused out of the soil during 10 
days that it may be neglected from the estimate. In the experiment ulth 
100 grains of soil enclosed in the bottle, 31 c.c. (approximately) were formed 
during 22 days, if more oxygen had been present more carbon dioxide might 
have been formed, and conversely the carbon dioxide which was formed may 
have been largely formed in the earlier part of the period. However the com- 
parison is made, the quantity of this gas which is calculated to have diffused 
from the soil seems to be distinctly smaller than the laboratory experiment 
would indicate. On the other hand coii.sidci'ing that the soils were not 
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identical — tliougli tlio same class*— tli at mojo caibou rnav liavc 

been dif?U5ing from the field in the earlier days, <>,, before tlio samples won* 
taken and the conditions in other respects very different, a close agreement 
could not be expected. 

Turning to the oxygen, the volume which i> calculated to have been 
diffusing is obviously far in excess of the volume of carbon dioxide, and 
is indeed very large. The laboratory experiment with 100 grauis of soil in 
the closed vessel showed that not only about 52 e.c. of oxygen disap- 
peared when 31 c.o. of COo was produced, but that noailv all the oxygen 
was assimilated in one way or another. The quantity of oxygen calculatod 
to be diffusing. O' 151 c. dm. per day, is equivalent to - 0131 c dm. 
per 100 grains of soil in 10 days, assuming that it was all rcciiiired by the first 
3 dm. (about 12'^) of soil. There is however reason to suppose that some 
oxygen is constantly diffusing into the sub-soil. 

The next case for consideration is that of the green-manured soil of 191 1 
(Table VIII). The calculation yields the following quantities ; — 


Date... . i ir914 17-9 14 ! 21)9-14 

Porosity ' . Oil.; (1009 


Gas ... ... ... ('.ant per srj dm. per day. 


N 


0-2i S2 

0 47.71 

C02 ... 

0'U;)G 

6'(i02:i 

2 


(m-11 

0-2U>') 


0 ... 

11-9619 : 

i 

02l7n i 

1 

o,7r’>; 


Hero, again, the process involves a diffusion of nitrogen and carbon dioxide 
from the soil into the atinospherc, and a diffusion of oxygen into the soil. 
The oxygen is largely in excess of the carbon dioxide. The quantities found 
to be diffusing at succeeding limes varied greatly, which waste be anticipated 
from the rainfall conditions. Only light rain fell during the first three days 
after digging in the sail hemp ; heavy rain fell on the evening of 16th, thus 
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reducing the porosity of the soil very seriously ; no further rain fell, and the 
porosity of the soil naturally increased again before June 20thj thus allowing 
increased quantities of gas to diffuse. Iji this instance all that one can do 
is to compare the calculated quantities of carbon dioxide with the amount of 
carbon in the sail hemp. The san hemp was equivalent to 013 gram of 
dry plant per sq. dm, of soil surface, containing approximately 3 ’37 gram of 
carbon. The mean of the three quantifies of carbon dioxide estimated to 
have been diffusing is 0 0658 c. dm. j)er day which is equal to 0‘1295 grm. 
carbon dioxide or 0‘0353 grm. carbon. Thus a.ssuming a uniform oxidation 
of the san hem]), this would be complete in =95 davs 

It is well known that the leaf and more delicate parts of a green plant 
wdiich is mixed with damp .soil disappear —in India -very rapidly, but that the 
wood — cellulose and ligiiiu--remaiu for much longer. Thus the rate of carbon 
dioxide formation wliich has been deduced fronrthe rate of diffusion is quite 
in accord with what might be anticipated from a general knowledge of 
the subject, and provides an indirect check on the value of the porosity 
factor as deduced by Buckingham, The quantity of oxvgen diffusing is a^ain 
much in excess of that required for the carbon dioxide. Regarding the quan- 
tities of oxygen which are thus calculated to be diffusing, it must be realized 
that if they are too high, thi.s could only he due fo incorrectness of Rucking- 
hauTs factor, and any alteration of this wrndd affect all the gases equally. If 
then it is fair to conclude that the calculated amounts of carbon dioxide are 
what might be expected under the circumstances, those calculated for oxygen 
mu.st be similarly admitted as near the truth. It is also to be recollected 
that the oxygen assimilaterl has been debited entirely to the upper soil, 
wherea.s the sub-soil may be, and probably is, absorbing oxygen also. The 
cause of this absorption (apart from CO^> formation) is unknown, but it 
evidently exists. 

The third set of quantities of dilTusing gases which may he considered 
are those of the soil in the neighbourhood of growing crops. The gas analyses 
are set out in Table X, Here nitrogen, carbon dioxide and in some cases 
hydrogen were passing out of the soil, wldlst oxygen diffused into it. The 
calculated quantities are set out in the accompanying Table XVI, 

Here we have no extraneous evidence with which to compare these quan- 
tities. They vary on different dates in part according to the rainfall, and in 
part reflect the activities of the plant at different times. Large quantities of 
carbon dioxide are constantly produced and much larger quantities of oxygen 
are constantly absorbed, and these are similar in magnitude to those accoiu- 
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Table XVI. 


Voitones if] (ja-^es di ffusi/xj Jroifi, and ado the sod ocof ijo' ntof.i oj (ifoirttoj cfo^is . 

San He} tip. 


Date 

J7-7-14 

30-7 14 

3-8-11 

Porosity 

0-2o0 

0-1954 

0-H93 

N 

C. dm per sq. 
1-3750 

dm. per day 
0-5079 

0-1373 

CU2 .. 

U8008 

0'0;i01 

0-0016 


l-7GoS 

i)-53S(l 

0-1389 

0 

1 

0-5.546 

0-1113 


Indigo. 



Date 

1S-S14 

20-S-14 

■:3S-14 

Porosity 

0'135 

0*212 

0*1774 

N 

C. din, per sq 
0‘iiy;l 

dm. per day 
0-44*25 

0 2556 

CO, ... 


0-1680 : 

0-0191 

H 


0-1-230 

0 05-23 


11 14(13 

0-7341 

0'3-270 

O 

O'450-J 

0-7016 . 

0-29S-2 


Make. 



i 

Date ... ... j 

t)-9 14 

8-9-14 , 

lU-9-14 1 

Porosity ' 

n-uor) 

0-194 

0-159 

N 

C. din. per 81 ). dm. per day 
0".?552 0'l(i75 

0'4S72 

CO., ... 

O-O0S3 

0 0-244 

0-(‘3*24 ^ 

H 

0-1164 

0-1144 





11-3799 

0-3063 

0-5196 

0 1 

0'30in 

0'233l 

0-5342 
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SOIL GASES 


paiiyilig a recent application of green inanuro. Tn some cases they are larger. 
The quantity of hydrogen is not<ablo. 

There is one fact in relation to this subject tliat deserves very special 
consideration. The quantities of gas diffusing from or into the soil in the 
neighbourhood of growing crops, even in very wet weather, are quite as great 
as where a green manure had been recently dug in ; tliey are also as great as. 
or greater than. wheiT the fallow soil had become wetted by the early mon- 
soon rainfall, and they are greater than the volumes which w'erc diffusing 
through the fallow soil previous to the monsoon rainfall. In what respect 
then does tlie cultivation of the surface soil affect gaseous interchange 
Naturally if land is disturbed by the plough or liarrow, the gases in that parti- 
cular stratum of soil have a iiiueli greater facility for diffusion tlian if the soil 
were not disturbed, but there is nothing to show that this operation affects 
the gases in the several feet of soil below it. Even supposing BuckingliaiiTs 
factor to be largely in error, the above argument would not be impaired, for 
whatever the actual quantities diffusing, the fact remains that the process 
goes on quite finely through the soil when tlioronghly wet by the monsoon oi- 
at least sufificieutly .so for allneed.s of [ilant life. Although the proportion of 
oxygen was so small in the neighbourhood of the roots of the several crop.s, 
these were not only healthy but were ijideed very fine ones. The value of 
good cultivation is of course an established fact, but that one of its chief 
advantages lies in a more perfect aeration of the soil is extremely doubtful. 

CoxcLU.srox. 

The iiiformarioii collected by the examination of soil gases has provided 
more precise information tlian has hithert(j been obtained, principallv on the 
following points : — 

(i) The volume of gas in soils under different moisture conditions has 

been obtained by (IneS -as distinct from that 

derived from the volumes of siliceous matter and water, and 
assuming the difference figures to be equal to tlie gas volume. 
The volume obtained by direct measurement has been found 
approximately equal to that obtained by the indirect calculation. 

(ii) The volume of condensed gas in the Pusa soil is so small that it 

cannot be estimated with accuracy and is certainly not greater 
than 4% of the total gas present. 

(Hi) The volumes of gas during wet weather are naturally smaller thaii 
when the soil is dry because as water enters a soil, it displaces 
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some of the gas. The volume of displaced gas is not necessarily 
equal to the additional water, and the experimental results also 
show that 1 volume of water does not necessarily displace 1 volume 
of gas. At the same time the two approach equality. 

{iv) The whole of the gas is not displaced from a soil ; indeed even 
during the wettest weather the proportionate volume of gas 
only falls to 15 or 20% or about one half the volume which is 
present during long periods of hot dry weather. 

(v) The soil gas of land which has been freshly treated w*ith farm 
manure or green maiiure naturally contains a high proportion 
of carbon dioxide and a low proportion of oxygen, but it is 
evident from the information gained by operating with closed 
vessels (containing abundance of air) that were it not for the 
process of dihusion. the proportions would be very difterent from 
what they are. 

{vi) One of the most strikijig items of information which the investi- 
gation has provided is the composition of the gases in the 
neighbourhood of the roots of plants. Carbon dioxide has been 
known to be a constant accompaniment of plant growth, but 
whilst no definite numerical statements have been hitherto 
possible, the proportions which have been actually found must 
be considered high. More striking however is the low pro- 
portion of oxygen, and the presence of hydrogen has not hitherto 
been suspected under these conditions. 

It is generally held that carbon dioxide is a firoduct of the higher 
plant, but there is no experimental pi-oof that this compound, 
although constantly present in the neighbourhood of the roots 
of crops, is not produced actually by lower organisms. More- 
over the liberation of hydrogen gas must be due to the agency 
of an entirely difierent class of bio-chemical change from that 
concerned with the assimilation of oxygen or the production of 
carbon dioxide. 

In the Memoir on Drainage (p. 97) I took the opportunity of 
calling attention to the very limited information in our possession 
regarding the associations of our crops with lower organ- 
isms, and the composition of the gases in the neighbourhood 
of crop-roots likewise emphasizes the importance of this 
subject. 
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{mi) Although high proportions of carbon dioxide are frequently present 
in the gas as extracted from the soil, calculation shows that 
considerably the greater part is present in the dissolved state 
in the soil solution. We are ignorant of the relative physiolo- 
gical significance of the two states of this compound, but it is 
at least certain that from the chemical standpoint, the dissolved 
portion would be the active agent in any series of changes. 

{viii) It is quite easy to determine the 0/A or N'A ratio in small amounts 
of soil gas within about 1/10 of the true value. The determina- 
tion of these ratios although open to this error, has shown 
with great certainty that the chief changes in the soil have to 
do with the oxygen, whilst nitrogen-assimilation or nitrogen- 
evolution in dry land is at lea.st so limited that it is usually 
difficult to detect. 

On the other hand, in cases like the gas from rice laud, the argon 
determination demonstrates with certainty that most of the 
nitrogen is derived from the soil and manure. 

(ix) The amounts of the gases diffusing into or out of the soil have 
been calculated for a number of instances on the assumption 
that Buckingham’s estimate of the effect of soil porosity is sub- 
stantially correct. The result of these calculations is to show 
that the carbon dioxide diffusing out of the soil is much about 
what one would anticipate from independent evidence. At 
the same time very large amounts of oxygen pass into the soil, 
these being greater than might be expected from the amounts 
of carbon dioxide or nitrate which may be found concurrently. 
It is difficult to suggest a really satisfactory explanation for the 
utilization of such large amounts of this element. 

(a;) Whether the correctness of these calculated amounts of diffusing 
gases be allowed or not, it is certain that diffusion of gases through 
soils at a depth of 12 — 15" is so efficient as to warrant the 
conclusion that cultivation of the surface soil is unnecessary 
for purposes of aeration. The well-estabhshed value of good 
cultivation must be referred to other causes. 


PUSA, 

May ah, 1916 . 
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